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I.  Sximmary  of  Research  Results 

The  research  results  from  this  grant  are  summarized  below. 
The  work  resulted  in  six  publications  in  refereed  journals. 
These  publications  are  listed  in  Sect.  II.  The  work  also 
resulted  in  six  presentations  at  scientific  meetings. 

XPS  and  UPS  studies  of  4-keV  Ar"^  bombarded  K.,TiFg,  K-NbF-, 
and  K2TaF-7  have  revealed  the  reduction  of  the  central  transition- 
metal  atom  to  lower  oxidation  states  in  all  cases.  The  tantalum 
and  niobium  in  K2TaF-7  and  K2NbF-7  are  reduced  to  oxidation  states 
of  IV,  II,  and  O,  while  the  titanium  in  I\2TiFg  is  reduced  to 
oxidation  states  of  III  and  II.  The  various  oxidation  states 
have  been  identified  through  binding  energy  shifts  of  the  XPS 
core  level  spectra.  Atomic  concentration  measurements  were  used 
to  estimate  the  surface  composi t i ons .  These  results  are 
discussed  in  terrris  of  the  thermal  spike  model,  and  the  behavior 
of  the  specific  compounds  is  shown  to  correlate  with  the  relative 
stability  of  the  possible  reaction  products. 

Scattering  of  molecular  nitrogen  ions  i.-^  the  1.5-4. 5  keV 
range  from  gold  and  graphite  surfaces  has  resulted  in  a  small 
fraction  of  surviving  molecules  and  molecular  :  'T'-  in  addition  to 


atoms  and  atomic  ions  resulting  from  dissociat. 


The  kinetic 


energy  (Ej^)  distributions  of  scattered  and  N'*'  ions  have  been 

For 

measured  directly  by  means  of  an  electrostatic  sector  analyzer  - 

^  I 

(ESA)  and  the  velocity  distributions  of  the  scattered  and  N  ^ 

neutrals  piuc  ions  have  been  measured  by  time-of-f  light  ^TOF)  °° 

techniques.  Scattered  ion  fractions  were  determined  from  the  TOF - - 

n/ _ 

measurements.  The  relative  Ey.  distributions  of  the  scattered  ty  Codes 

’’nd/oi  ^ 

I  spooial 
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atomic  ions  indicate  that  dissociation  from  excited  repulsive 
electronic  states  which  are  populated  during  the  collision 
dominate  the  mechanism,  rather  than  purely  vibrational  or 
rotational  excitation  from  the  ground  state  of  N^.  The 
excited  dicccciative  and  states  of  are  accessible 
by  Franck-Condon  transitions  from  the  X^Eg  state.  The  data  are 
consistent  with  a  mechanism  in  which  these  two  dissociative 
states  contribute  their  repulsive  energy  to  the  large  relative  Ej^ 
distributions  of  the  scattered  N'*'  ions.  The  electronic 
excitation  occurs  via  electron  promotion  during  the  scattering 
collision  through  the  Fano-Lichten  mechanism. 

The  chemisorption  of  OCS  on  polycrystalline  Ni  foil,  in  the 
77-923  K  temperature  range,  was  investigated  by  XPS ,  UPS  and  AES 
electron  spectroscopies.  At  all  temperatures  studied, 
chemisorption  was  found  to  be  dissociative  yielding  absorbed  S 
and  gas  phase  CO.  The  reaction  is  found  to  be  strongly 
exothermic  with  a  low  activation  energy. 

Boron  nitride  formation  from  bombardment  of  boron  with  0.5-5 
keV  N2  ions  has  been  studied  by  in  situ  XPS  and  AES  measurements. 
A  dynamic  process  of  nitrogen  implantation  and  surface  sputtering 
leads  to  the  formation  of  a  BN  layer  whose  thickness  equals  the 
range  of  the  nitrogen  ions  in  the  boron.  The  maximal  nitrogen 
entrapment  is  determined  by  the  stoichiometry  of  BN;  excess 
nitrogen  is  released.  No  diffusion  of  nitrogen  to  the  bulk  nor 
expansion  of  the  BN  layer  is  detected  at  room  temperature  for 
prolonged  bombardment.  The  results  are  in  accord  with  a  simple 
coliisioi.c*  altered  layer  model  that  is  presented. 
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The  technique  of  time-of-f light  ion  scattering  and  recoiling 
spectroroetry  (TOF-SARS)  has  been  developed.  TOF-SARS  uses  a 
pulsed  low  keV  ion  beam  and  TOF  methods  for  analysis  of  both 
scattered  and  recoiled  neutrals  and  ions  simultaneously  with 
continuous  scattering  angle  variation  over  a  flight  path  of  -in. 
The  capabilities  of  the  technique  are  demonstrated  by  the 
following  examples:  (i)  TOF  spectra  versus  scattering  angle 
^  for  the  system  Ar"^  on  Si(lOO);  (ii)  Comparison  of  LEED  and  AES; 

(iii)  Surface  and  adsorbate  structure  determination  for  the 
systems  of  clean  W(211)  and  O2  and  H2  chemisorbed  on  W(211); 

(iv)  Monitoring  surface  roughness  on  W(211);  (v)  Surface 
semichanneling  along  the  troughs  of  the  W(211)  surface; 
(vi)  Measurements  of  scattered  ion  fractions  for  Ne'*'  on 
magnesium;  and  (vii)  Ion  induced  Auger  electron  emission  for  Ne'^ 
on  magnesium.  A  historical  prospective  of  low  energy  ion 
scattering  has  been  presented  and  surface  structural 
determinations  for  various  systems  are  tabulated. 

Studies  involving  ion-solid  interactions  in  the  range  of  a 
few  eV  to  a  few  keV  that  are  intermediate  between  thermal  gas- 
surface  interactions  and  high  energy  bulk  implantation  have  been 
collectively  examined.  The  interactive  process  has  been  traced 
in  a  phenomenological  manner  by  providing  a  simple  treatment  of 
the  different  physical  and  chemical  phenomena  involved.  The 
kinematics  of  noble  gas  ion  as  well  as  atomic  and  molecular 
reactive  ion  interactions  with  surfaces  has  been  treated  in  terms 
of  classical  dynamics  and  experiments  are  described  that  probe 
the  nature  of  ion-solid  interaction  potentials  by  examining  the 
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scattering  of  ions  from  surfaces  and  the  charge  exchange 
processes  operative  during  scattering.  Molecular  ion  scattering 
has  been  investigated  ana  the  behavior  interpreted  in  terms  of 
partial  dissociation  that  results  in  both  atomic  and  molecular 
scattering .  A  neutralisation  model  has  been  described  that 
considers  the  interaction  domain  to  be  divided  into  three  steps: 
the  incoming  trajectory,  the  close  encounter,  and  the  outgoing 
trajectory.  A  spectrum  of  possible  results  from  the  interaction 
process  is  described;  these  include  reaction  and  chemical 
alteration  of  the  target  surface,  desorption  of  adsorbate  atoms 
by  hyperthermal  physical/cheraical  interaction,  and  accumulation 
of  a  high  surface  concentration  of  the  projectile  species,  viz. 
film  deposition.  These  studies  investigate  the  science  basic  to 
a  number  of  technological  phenomena  and  represent  an  elegant 
approach  to  the  simulation  of  a  number  of  these  phenomena  in  the 
controlled  environment  of  ultra-high  vacuum.  Qualitative  and 
quantitative  arguuients  are  made  for  a  number  of  the  experimental 
results  and  cross-examination  of  data  from  different  laboratories 
is  made  in  terms  of  simple  kinetic  and  thermodynamic  concepts  to 
illustrate  fundamental  similarities  in  the  -/arious  studies. 

II.  List  of  Scientific  Publications  Resulting  From  Grant 


1.  C.  S.  Sass  and  J.  W.  Rabalais,  "Ion  Beam  Induced 

Decomposition  of  Transition-Metal  Fluoroanions" ,  J.  Phys . 
Chem.  ,  92.,  2072  (  1988)  . 

2.  C.  S.  Sass  and  J.  W.  Rabalais,  "Dissociative  Scattering  of 

1.5-4. 5  keV  ^2  and  on  Gold  and  Graphite  Surfaces",  J. 

Chem.  Phys.,  3870  (1988). 
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3.  C.  S.  Sass  and  J.  W.  Rabalais,  "Chenisorpt ion  of  Carbonyl 

Sulfide  (OCS)  on  Ni  Between  77  and  293  K" ,  Surface  Sci., 
194 ■  L95  (1988)  . 

4.  P.  Mezentzeff,  Y.  Lifshitz,  and  J.  W.  Rabalais,  "BN 

Formation  From  Bombardment  of  Boron  With  N^",  Nucl.  Instr.  4 
Meth.  in  Phys.  Res.  B,  submitted. 

5.  0.  Grizzi,  M.  Shi,  H.  Bu,  and  J.  W.  Rabalais,  "Time-Of- 

Flight  Scattering  and  Recoiling  Spectrometry  (TOF-SARS)  for 
Surface  Analysis",  Ninth  International  Summer  Institute  in 
Surface  Science  (ISISS  1989),  Aug.  1989,  submitted.  To  be 
published  in  Chemistry  and  Physics  of  Solid  Surfaces,  Vol . 
8. 

6.  S.  R.  Kasi,  H.  Kang,  C.  S.  Sass,  and  J.  W.  Rabalais, 

"Inelastic  Processes  in  Low-Energy  Ion-Surface  Collisions", 
Surface  Sci.  Rpts.,  10,  1  (1989). 


III.  List  of  Presentations  Resulting  From  Grant 

1.  "Dissociative  Scattering  of  Diatomic  Ions  at  Surfaces",  42nd 
Southwest  Regional  ACS  Meeting,  Houston,  TX,  November  1986. 

2. *  "Interactions  of  Low-Energy  Ions  With  Surfaces",  Third 

International  Workshop  on  Desorption  Induced  by  Electronic 
Transitions,  Shelter  Island,  NY,  May  1987. 

3. *  "Low-Energy  Mass-Selected  Ion  Beams  For  Film  Deposition", 

Southeastern  Regional  Meeting  of  the  American  Physical 
Society,  Nashville,  TN,  November  1987. 

4. *  "Exchange  of  Electronic  Energy  in  Low-Energy  Ion  Bombardment 

of  Solids",  Minnesota  Chapter-Amer ican  Vacuum  Society 
Symposium,  Minneapolis,  MN,  April  1988. 

5. *  "Interactions  of  Low-Energy  Ions  With  Surfaces",  Gordon 

Conference  on  Particle/Solid  Interactions,  Plymouth,  NH, 
July  1988. 

•ff 

6.  "Exchange  of  Electronic  Energy  in  Low-Energy  Ion  Bombardment 
of  Solids",  Amer.  Vacuum  Society  Symposium,  Rochester,  NY, 
June  1989. 
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and  the  charge  exchange  processes  operative  during  scattering  Mi'lccular  ic>n  scattering  is 
investigated  and  the  behavior  interpreted  in  terms  i,>f  partial  dissiviation  that  results  in  both 
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Rcai.ti<in  capture  cross  section 
Oj  Desorption  cross  section 

T  Ion  neutralization  parameter 

u)  Surf.ice  plasmon  frequence 

1.  Introduction 

The  interactions  of  love  energy  reactive  ions  with  surfaces  is  a  fascinating 
subject  because  of  the  potential  of  the  techniques  and  the  range  of  phenomena 
involved.  The  terms  li/»  energy  and  n-actu  e  tons  are  used  herein  to  denote  ions 
with  kinetic  energies  (  f.  )  in  the  broad  range  of  one  up  to  several  thousand 
electron  volts  which  are  capable  of  reacting  with  the  target  surface  atoms  to 
form  chemical  compounds.  In  this  E  range  mans  of  the  collisions  are  inelastic. 
that  is.  ion  translational  E.  is  converted  into  electronic  excitation  and  ioniza¬ 
tion  energv  and  vibratumal  and  rotational  motions.  When  the  ion  translational 
E  can  be  channeled  into  the  reaction  coordinate  of  reactions  with  substantial 
activation  barriers,  sucli  barriers  can  be  surmounted  at  low  temperatures.  The 
selectivitv  and  specificity  of  these  beam  surface  reactions  is  high  since  it  is 
possible  to  use  mass  selected  ions  with  well  defined  /.  The  reactive  ions  can 
be  introduced  at  precise  spatial  location:,  in  controlled  concentrations  These 
capabilities  afford  (he  advantage  of  altering  the  chemical  nature  of  the 
outermost  surface  lav  erf  s)  in  Itvcalized  regions  without  disturbing  the  underly¬ 
ing  or  surrounding  crvstal  structure. 

Thi.s  review  treats  the  fundamental  interactions  of  low  energv  reactive  ions 
with  surfaces.  Ihese  interactions  include  electronic  prcxiesses  (ion-  surface 
charge  exchange  transitions,  excited  state  formation,  and  photon  and  electron 
emis:sion).  molecular  dynamics  (kinematics  and  collisional  dissociation),  chem¬ 
ical  reactions  (kinetic  and  thermodynamic  parameters),  and  beam  particle 
deposition  induced  bv  the  collisions.  This  is  an  extremely  broad  range  of 
phenomena  to  cover  Investigations  of  these  phenomena  represent  currently 
ictive  areas  cif  research;  as  a  result,  new  data,  interpretations,  models  and 
calculations  are  constantlv  emerging.  The  review  selectively  focuses  on  eluci¬ 
dation  of  the  elementary  steps  desenbing  the  electronic,  kinematic,  thermixly- 
namic.  and  kinetic  aspects  of  low  energv  reactive  ion  surface  interactions  with 
the  ultimate  go.il  that  such  an  understanding  will  allow  control  of  the 
interactions  so  that  they  can  iie  used  for  specific  chemical  modifications  of 
surface  prcsperiies  It  is  alsvv  hoped  that  this  review  will  kindle  interest  m  the 
unique  panorama  of  chemical  reactions  that  can  be  induced  by  this  method  In 
such  .in  undertaking,  it  is  inevitable  that  some  works  will  be  overlooked,  we  do 
not  claim  to  be  comprehensive,  but  only  to  present  our  best  assessment  of  the 
current  state  of  the  field  Fxcellent  reviews  on  beam  surface  interactions  are 
already  available  fiir  the  verv  low  energy  (below  ~  1  eV')  (1  .1]  and  high 
energy  (above  a  few  hundred  eV)  (4-9)  regions. 
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2.  C^neral  l<m  energy  reactive  ion  beam-surface  interactions 

2.1.  Role  of  kinelu  eiier^v 

The  interactions  of  gaseous  ions  and  neutrals  with  surfaces  are  strongK 
influenced  by  their  kinetic  energies  E.  This  E  plays  a  major  role  in  determin¬ 
ing  whether  the  impinging  particle  will  scatter  from  the  surface  or  remained 
trapped  in  a  potential  well  at  the  surface.  The  probabilitv  that  a  particle 
becomes  trapped  and  remains  on  or  within  the  surface  is  called  the  .'Hickin^ 
prohahiliiy  (  ).  The  probability  that  the  particle  is  reflected  from  the  surface 

IS  called  the  seattennff  pruhahility  ( ).  Obviously.  P^^  +  P^  =  \  .  The  P.,  spans 
many  different  kinds  of  trapping  mechanisms,  such  as  van  der  Waals  attrac¬ 
tions.  phvsisorption.  chemisorption,  chemical  reactions,  and  implantation. 

Fig  1  shows  a  generalized  diagram  of  P.,  versus  E  for  projectile  ions  that 
are  lighter  than  the  target  atoms.  The  curve  does  not  correspond  to  any 
specific  system;  it  simply  illustrates  the  behavior  of  P.,  as  E  changes  over 
some  ten  orders  of  magnitude  In  order  to  quantitatively  represent  any  specific 
system,  the  curv'e  would  have  to  be  adjusted  both  hcirizontally  and  vertically  to 
represent  the  behavior.  Beginning  at  very  low  E.  gasci'us  species  are  simply 
condensed  or  frozen  out  on  surfaces  due  to  van  der  Waals  attractive  potentials 
which  are  deeper  than  the  thermal  energy  kT.  where  k  is  the  Boltzmann 
constant.  P„  is  near  unity  in  this  region.  As  £  increases  towards  ambient 
conditions  {kT *  0.025  eV  near  ambient  temperatures).  P.,  begins  to  decrease. 
This  decrease  is  due  to  the  necessity  for  dissipating  excess  £  before  the 
ga.seous  species  can  be  trapped  in  a  prtxluct  potential  well  at  the  surface.  This 
is  the  physisorption  and  chemi.sorption  region.  Physisorption  occurs  when  the 
only  attractions  between  the  particle  and  surface  are  weak  van  der  Waals 
forces  which  provide  potential  wells  that  are  comparable  to  the  magnitude  of 
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Fig.  1.  Generalujril  pliii  of  particle  slicking  probabitiiv  versus  particle  kinetic  energy  The 
temperatures  corresponsiing  lo  the  kinetic  energies  are  shown  ai  the  top  of  the  plot,  the  dashed 

line  represents  room  lemperaiurc 
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kT.  Chemisorption  eKCurs  when  chemical  bonds  arc  formed  beivseen  the 
particle  and  surface  atoms;  these  bond  energies  arc  ivpicalls  larger  than  kJ 
and  m  the  range  i  10  eV.  Hyperthermal  molecular  beams  extend  the  /;'  range 
up  to  several  electron  volts;  this  regu'ii  alst>  exhibits  a  decreasing  with  C 
due  tel  the  excess  E  that  must  be  dissipated  for  sticking  to  occur  Moving  to 
the  very  high  E  region.  increases  with  E  above  ~  10 '  eV  because  of  the 
ability  to  force  the  projectiles  into  the  lattice  and  implant  them  below  the 
surface  where  they  are  trapped  as  implanted  material.  The  implantation 
process  becomes  very  efficient  for  E  10''  eV  and  approaches  unitv.  The 
P^,  curve  goes  through  a  minimum  in  the  intermediate  region  between  one  and 
several  hundred  electron  volts. 

This  inter  iiediate  region  is  a  particularly  interesting  area  where  little  work 
has  been  done.  The  reason  is  that  this  region  is  not  accessible  from  molecular 
beam  methods  which  use  nozzle  expansion.s.  Ion  beams  must  be  used  tci  access 
this  region  because  the  ions  can  be  accelerated  to  any  desired  energy.  How¬ 
ever.  because  it  is  difficult  to  transport  and  focus  low  /.  (  <  -  ‘'(K)  eV)  ion 
beams,  most  of  the  ion  beam  studies  have  been  conducted  at  higher  energies 
The  attractive  feature  of  the  low  E  region  is  that  it  is  in  the  range  of  chemical 
bond  energies  and  activation  barrieis  for  chemical  reactions  Hence  the 
translational  E  of  the  beam  particles  can  be  employed  for  surmounting 
reaction  barriers  in  order  tt>  induce  surface  chemical  reactions  that  do  not 
excur  under  ambient  conditions,  while  at  the  same  time  avoiding  surface 
lattice  damage  induced  by  the  more  energetic  ions.  e  g.  sputtering  Since  the 
temperature  equivalent  to  a  kinetic  E  of  1  eV  is  about  1.2  x  lO'*  K  it  fisllows 
that  lon-enhanced  reactions  and  deposition  offer  access  to  a  region  of  nonequi¬ 
librium  processes  far  beyond  the  capabilities  of  thermal  reactions.  I  he  chem¬ 
ical  nature  of  the  adspecies  as  well  as  its  precise  concentration  can  be 
controlled  hv  tuning  the  primary  beam  E  and  bv  using  specific  do.ses. 
Molecular  ions  can  be  depcisited  without  dissixiation  at  sufficiently  low  E.  In 
this  energy  range  the  cross  sections  for  "chemical  reactions  '  are  much  larger 
than  those  for  "phssic.il  prixesses"  such  as  sputtering  or  surface  modificatii'ns 
induced  by  momentum  transfer  prvxesses 

2  2  Si'qiu’nce  of  ei  cm s  in  renenre  wn  surface  ou  aunters 

In  order  to  treat  the  reactne  ion  surface  interaction,  it  is  useful  to  list 
specific  elementary  steps  which  may  be  important  to  the  total  interaction, 
although  such  isolation  of  individual  steps  is  necessarily  artificial  Consider  the 
folUrwing  esents  m  the  approach  and  collision  of  an  active  ion  with  a  surface. 
(1)  Electronic  charge  exchange  transitions  between  the  ion  and  surface  can 
vxcur  during  the  approach  (or  departure)  while  the  pair  are  separated  bs 
seseral  angstroms.  Such  prtxesscs  cKcur  by  resonant  and  .Auger  electron 
transitions  and  can  produce  both  ground  and  excited  state  neutral  projectiles. 
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(2)  Ucclronic  iransiiions  and  electron  promotlon^  can  occur  in  the  close 
atomic  encounter  where  the  atomic  orbitals  (AO"'.)  of  the  colliding  atoms 
merge  into  molecular  orbitals  (MO's)  of  a  quasi-diati'inic  molecule.  Sucii 
electron  promotions  can  result  in  neutralization  or  loni/ation  of  the  projectile 
a.s  well  as  production  of  highly  excited  autoionizing  and  metastahle  states. 

(3)  DissiKiation  of  impinging  molecular  ions  can  (veur  as  a  result  of  the 
charge  exchange  process  (ir  the  collision  with  target  atoms. 

(4)  The  impinging  molecules  or  fragments  can  be  scattered  in  their  original  or 
altered  charge  state,  as  daughter  fragments  of  the  original  molecule,  or  as  some 
ci'mhmation  with  surface  atoms. 

(5)  Atoms  or  clusters  from  the  surface  itself  can  he  directK  recoiled,  surface 
recoiled,  or  sputtered  as  a  result  of  charge  and  or  mi'mcniiim  exchange  in  the 
collision. 

(6)  The  impinging  particles  can  he  captured  by  a  potential  well  at  in  below 
the  surface  where  they  react  to  fi'rm  a  compound  or  remain  as  implanted 
species.  If  the  capture  probability  is  higher  than  the  self-sputtering  probabilitx. 
there  is  net  deposition  of  the  particles  on  the  surface  .md  for  a  sufficient 
particle  fluence  a  thin  film  is  formed. 

(7)  Diffusion  of  the  captured  particles,  rearrangement  of  the  surface  atoms, 
and  selective  or  preferential  sputtering  can  iKcur.  resulting  in  alteration  of  the 
film  stoichiometry  expected  from  the  penetration  profile  alone 

(«)  The  electronic  excitation  induced  by  the  collision  can  result  in  emission  of 
both  electrons  and  electromagnetic  radiation  from  the  projectile,  ejected 
surface  particles,  or  from  the  solid  .surface  itself 

2.  .f.  Llastu  and  inclastu  ctdhsions 

Elastu  collisions  are  thiwe  collisions  in  which  kinetic  energy  is  conserved, 
i.e.  there  is  no  interconversion  of  kinetic  and  potential  energy.  Inelasiic 
collisions  are  those  collisions  in  which  ion  kinetic  energy  is  converted  into 
potential  energy  such  as  electronic  excitation,  ionization,  and  formation  of 
new  chemical  species.  Reactions  of  active  ions  leading  to  formation  of  new 
chemical  species  are  necessanly  inelastic.  Since  such  active  ion -surface  inter¬ 
actions  involxe  a  combination  of  some  or  all  of  the  events  listed  in  section  2.2. 
comprehensive  understanding  of  the  processes  is  best  obtained  by  designing 
experiments  and  developing  models  which  elucidate  details  of  these  individual 
events.  Experiments  of  this  nature  have  been  designed  bv  various  research 
groups.  Some  of  the  most  pertinent  experiments  for  revealing  information 
about  these  inelastic  prixesses  are  as  follows;  (i)  observations  of  displacements 
in  the  scattering  energy  from  the  elastic  scattering  position  [10-13].  (li) 
detection  of  electrons  emitted  during  the  collisiim  [14  18).  (hi)  detection  of 
photons  emitted  during  the  collision  [19  23).  (iv)  measurements  of  the  types 
and  abundance  of  specific  charge  states  of  scattered,  recoiled,  and  sputtered 
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species  [24  261,  (\)  measurements  .'f  nmlecular  icvn  exciiatuin  anc!  survival 
prohabilities  during  collision  |27-31|.  (vi)  studies  ol  the  kinetics  and  type  of 
compounds  formed  dunng  active  um  surface  reactions  |,^2  24],  and  (vii) 
measurements  of  rotatumal  and  vibrational  excitation  and  fragmentation 
patterns  of  scattered  molecules  |23-371  Many  studies  |.^H  40)  of  inelastic 
processes  have  been  carried  out  on  gas-phase  collisions  where  the  number  of 
inelastic  channels  is  hmiteil  and  tractable  In  um  surface  collisions  there  exists 
a  multitude  of  inelastic  channels:  the  question  of  which  of  these  channels  is 
operative  and  dominant  for  specific  ion- surface  collisions  is  ;in  arduous 
prirblem  which  constitutes  the  main  theme  i>f  this  article 

2  4  Pin  0(u/  l  ersus  clu  nm  al  <,puricnriy 

Spuiri'iiin;  has  been  defmeil  bv  Sigmund  (ref  |3).  chapter  2)  as  "the  erosion 
at  the  surface  of  a  solid  as  a  result  o|  energetic  particle  bimihardment  that  is 
observable  in  the  limit  of  small  particle  currents  and  fliicnces".  Roth  (ref.  [6]. 
chapter  2)  has  lefined  this  definition  and  expounded  on  the  aspects  of 
chemical  sputtering  In  p/nwmi/  sputhnn^.  the  sputtered  particles  receive 
sufficient  energv  bv  atomic  collisions  from  the  incident  particle,  as  well  as 
secondarv  particles  that  are  set  into  motion,  in  order  for  them  to  overcome  the 
surf, ice  binding  energv  The  mechanism  of  ejection  involves  ci'llisum  cascades 
and,  or  Uxtal  energv  spikes  within  the  solid.  In  ilwnimil  sputtcrtn\i.  chemical 
reactions  between  the  incident  particles  and  surface  atoms  produce  molecules 
which  have  binding  energies  to  the  surface  that  are  low  enough  for  them  to 
desorb  at  the  temperature  ivf  the  substiate  Recombination  ''f  piojectile  and 
surface  atoms  to  form  molecules  is  often  jn  txotbermic  process,  depositing 
excess  intern. il  energv  m  the  molecular  product  In  some  cases  this  excess 
energy  Can  he  sufficient  to  desorb  products  from  the  surface,  providing  the 
driving  fence  fi'r  chemical  sputtering  or  elesorption  I  he  termincvlogv  mniirc 
ton  inJun’cl  iksnrpitun  rather  than  chemical  sputtering  is  more  appropriate  for 
the  Ivi'v  energ'.  ions  considered  herein  because  thev  remove  adsorbates  from 
onlv  the  outer  atc'mic  layer,  while  sputtering  implies  erosion  of  manv  layers  of 
.1  material  When  the  sputtering  process  or  sputtering  vield  is  altered  by 
binding  energv  changes  ,is  a  result  of  implantation  of  the  pio|cctiles.  but  the 
dominant  ejection  mechanism  rem.iiiis  that  of  momentum  transfer,  the  process 
IS  c.illed  chcniHaUx  vnluirucj  or  nJu<c<J  pin  miu!  xpuilerifu;. 

The  distinction  between  clicmical  and  physical  sputtering  is  sometimes  not 
clear.  When  compiuind  surface  lavers  are  formcvl  (.luring  bombardment,  com¬ 
pounds.  clusters,  .ind  fragments  of  these  clusters  .ire  cvften  observed  m  the 
sputtered  particles  Whether  the  ejection  is  caused  bv  direct  momentum 
transfer  frc'in  csvilisions  or  bv  the  ci'mbination  of  the  heat  of  formation  of  the 
compiHind  and  the  surface  lemperatuic  which  lead  to  thermal  desorption,  is 
not  alwavs  known  I’hvsic.it  and  chemic.il  sputtering  can  he  dil ferentiated  bv 
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comparing  the  sputtering  yields  obtained  from  reactive  ions  with  those  ob¬ 
tained  from  rare-gas  ions  of  similar  mass.  Also,  if  the  primary  energy  is  below 
the  physical  .sputtering  threshold,  all  ejection  must  stem  from  a  chemical 
mechanism.  Examples  of  this  are  given  in  sectiim  8. 

The  dependence  of  the  different  sputtering  and  erosion  processes  on  the 
primary  energy  E  and  the  surface  temperature  T  are  shown  .schematicaJIv  in 
fig.  2.  The  divisions  between  parameter  ranges  are  not  sharp.  They  are 
determined  by  the  binding  energy  of  surface  atoms  and  molecules  formed  in 
chemical  reactions.  Surface  species  are  ejected  if  thev  receive  energy  either 
from  the  bombarding  ion  or  from  chemical  recombination  and  thermal  energy. 
In  the  former  case,  the  threshold  energy  for  physical  sputtering  has  been 
estimated  to  be  about  four  times  the  surface  binding  energy  (41 1.  In  the  latter 
ca.se,  a  temperature  equivalent  Ui  about  \ /}>  of  the  binding  energy  leads  to 


formation  o 
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measurable  molecular  desorption  of  bulk  atom  evaporation.  Fig.  2  is  specific 
for  the  case  of  hydrogen  ions  sputtering  a  carbon  surface.  Hydrogen  bombard¬ 
ment  results  in  the  formation  of  hydrtxarbons  (methane)  which  have  low 
surface  binding  energies.  This  results  in  a  lowering  of  the  threshold  energies, 

1. e.  chemically  enhanced  physical  sputtering.  At  sufficiently  high  temperatures 
it  leads  to  direct  chemical  sputtering.  On  the  other  hand,  when  oxygen  ions  are 
used  to  sputter  aluminium,  there  is  chemically  reduced  physical  sputtering 
because  the  aluminum  oxide  has  a  higher  surface  binding  energy  and  is  more 
resistant  to  sputtering. 

2.5.  Dvnanuctil  uspccis  of  the  collisions 

Since  there  is  no  rigorous  theory  to  deal  with  this  subject,  it  is  informative 
to  consider  the  dvnamical  aspects  of  the  collisions  in  the  simplest  terms.  Here 
we  give  simple  approximations  to  the  distance  and  time  scales  for  the 
interactions  as  well  as  the  changes  in  energy  level  positions  and  widths  in  a 
manner  similar  to  that  proposed  by  Apell  [42], 

2.  /  Scutralizaiioii  disiiouv 

Neutrali/.ation  of  slow  ions  with  deep  potential  wells  (xcurs  while  the  ion  is 
some  distance  v  from  the  metal  surface  An  estimate  ft>r  this  distance  when  an 
eleetrt'n  tunnels  over  to  the  ion  can  be  obtained  b>  equating  the  work  function 
11 1  of  the  surface  to  the  energy  of  the  hole  in  the  approaching  ion  Fdectrons 
with  energv  eu  ,  below  the  vacuum  level,  i.e.  at  the  Fermi  level,  have  the 
smallest  barrier  to  penetrate.  The  result  is 

,S  =  Qc,  a  .  .  (  1  ) 

where  Qc  is  the  um  charge.  This  simple  expression  does  not  include  ihe  image 
potential  shift  which  will  further  reduce  the  tunneling  barrier  nor  the  broad¬ 
ening  of  the  ionic  energy  levels  due  to  interaction  with  the  metal  A  conserva¬ 
tive  estimate  using  a  metallic  work  function  of  5  eV  is  \  =  l.lQ  (A).  This 
distance  is  greater  than  tvpical  atomic  sizes  and  inleralrrmic  separations  in 
solids  Such  neutralization  transitions  therefore  iKcur  before  the  close  encoun¬ 
ter  between  the  prcrjectile  and  a  surface  atom 

2  .>.2  Tunc  Millie  fur  nciitnilizaiioii 

The  neutr.ili/ation  time  can  be  estimated  as  the  time  r„  required  for  an 
electron  with  Fermi  velocity  r,  to  travel  from  the  surface  to  the  ion  while  the 
urn  IS  .It  s  as 

t '  '■  I  Qc  "  I  '  I  12) 

Ihe  electronic  transition  period  is  thus  /,.  =  2  x  10  |s].  I  I'r  ,i  multiplv 

ch.irged  ion.  we  consider  that  neutralization  takes  place  m  a  stepwise  manner. 
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When  the  ion  reaches  v  hir  a  particular  Q.  the  potential  changes  to  he 
proportional  lo  I  -  1)  and  r  decreases  accordingly  The  time  required  h^r 
the  ion  with  seliKits  r,,  to  travel  between  successive  neiitrali/ations  is 

['(^>1  -  '(C>-  1)1/'-,.  =  c,  /„u  ,  .  (.') 

f-'or  multiple  charged  ions,  the  filling  prtKess  can  be  described  b\  a  dimension¬ 
less  parameter  t  as: 

T  =  Tn/ T,  =  '  I  ■'C*'.,  =  <C>„^i  Q/  l'  '  (4) 

Writing  the  ion  mass  as  V/  =  defines  the  par.inieier  (),,  intnrduced  m 

eq.  (4)  (4>ii  =  37{K)).  For  t  >  1.  the  ion  is  moving  so  slowlv  that  we  expect 
neutralization  to  take  place  instantK.  i.e.  slow  multiple  charged  ions  are  filled 
he  an  avalanche  of  electrons  For  t=  1.  neutralization  t.ikes  place  in  .i 
stepwise  fashion  electron  be  electron  f'or  eere  fast  ions  there  is  insufficient 
time  for  complete  neutralization. 

J  Siir/iKi'  /•cs/io/nc  time 

The  time  scale  of  the  electronic  response  m  the  solul  is  important  to  the 
form  and  strength  of  the  interaction  potential  This  response  time  t^  of  the 
solid  IS  of  the  order  of  the  inserse  surface  plasnum  frequencs  w.  i  e 

T  -  1.  w,  (5) 

This  must  he  i.omparc<J  to  the  (ime  t  it  takes  for  the  ion  to  travel  to  the 
surface  fnvm  the  position  v  for  neutralization; 

=  '  'ii-  (h) 

f-or  a  single  charged  ion,  assuming  that  s  *  2.7  A.  the  time  i,  required  for 
an  n)n  of  Id  i(KKi  eV  to  travel  from  v  to  the  surface  and  back  out  to  v  is  of 
the  order  of  Id  ' '  to  10  '''  s.  This  defines  a  rapidity  parameter  /}  as; 

ft  =  i  'i,  ~  (.h  ie  u  I  r,,.  ( 7) 

Since  w  IS  of  the  iirder  of  >*,.  fi  ~  C7i  „  r„.  wi.ere  '  „  is  ihe  Bohr  veUxTite 
e'  /i  Since  i  ^  is  of  the  order  of  r, .  (i  is  of  the  s.ime  order  ,is  t  fevr  singly 
charged  ions  .ind  a  factor  Q'  larger  than  t  hvr  ions  with  (7  >  1 

2  .^4  Ti/crgi  k'l  vl  shifts  and  hrnaJentn^ 

When  an  ion  approaches  a  surface,  its  energy  levels  m.i\  shift  and  broaden 
due  to  interactions  with  the  electron  hands  in  the  solid.  I  his  interaction  can  he 
composed  of  at  lca,st  three  eomponcnis.  i.e.  van  der  WaaK  attractions,  overlap 
of  electronic  wave  functions,  and  a  C'oulombic  image  force  of  attractiim 
Magstrum  (43|  has  shown  that  the  polarizability  of  the  ion  is  so  small  that  the 
van  der  Waals  forces  are  negligible  for  the  range  of  ion  energies  of  interest 
here.  The  overlap  of  el'.ctrivnic  wave  functions  results  m  two  effects,  an 
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.ittr.n.Uoii  tine  to  elctlroii  L-\ch.iiii;c  rcMiiliiiit  m  the  lomiatinn  ol  tiitalciil 
Lhemie.il  bonds  and  a  repulsion  due  to  inierpeneti aiuni  of  eleeiron  elouds  and 
the  Pauli  e\elusu>n  prineiple  I  hese  ellecls  arc  observed  as  the  lorniaiion  ol 
bonding  and  antibomiing  MO  c»>mbinaUons  ami  MO  proinoiioi.  as  the  AO's 
of  the  eoliiding  atoms  overlap  Sueh  elfeels  are  diseussetl  m  more  dcl;iil  in 
section  \  1  he  (  ouli'mbie  image  fvnee  of  attraction  144.451  is  due  to  the  image 
pivtenltal  induced  m  tlie  metal  surl.ae  electrons  hv  the  appro  ithing  tons  To 
first  order  the  level  slnft  li.  is  determined  bv  ilie  elassic.il  image  potential 

M  -  |4(  V  •  A  ')].  («) 

where'  the  atom  surfaee  distaiae  1  lie  parameter  A  takes  mio  account  the 
finite  scieenin'a  length  of  tlie  metal  .mil  determines  the  shift  ol  the  classical 
iitiage  plane  with  lespeei  to  the  suif.ice  I  he  levels  are  broadened  b\  overlap  of 
the  atomic  and  met.illic  wave  luiutioiis  making  possible  lesonant  electron 
tunneling  ilui'ugh  the  potential  b.uiiei  between  the  atom  .mil  the  metal  I  he 
probabilitv  for  a  lesonant  transition  ol  .i  mel.ii  election  lo  .m  unocctipicd  level 
ol  the  ton  Is  deteimined  rougiilv  bv  the  liletime  ol  the  electron  near  the  imi 
'.'le  I  his  fmi'e  liletime  relates  vi.i  Heisenberg's  unceit.nntv  relation  to  the 
level  wuith  A  lo  lirst  order,  thi'  level  wuith  is  given  tsv  I  ermi's  golden  rule 

4  1,0  <  '  I  A  '.  Hf) 

vvheic  the  ^iim  is  over  .ill  met.il  si.ncs  A  th.il  ,ire  degenerate  wiili  ihe  .itomic 
'evel  a  ni  <  i  is  ihe  densitv  of  metal  states  within  the  v.ileme  b.iiid,  I 
leptc'ciiis  tin  iiiif-c  riurheii'  interaction  of  the  valence  election  with  the  ion 
core  Ihe  level  vvidil-i  is  approvimatelv  .m  evponentiallv  dec.iving  lunction  ol 
the  .itoiii  surf. ice  disi.mce  ' 

i-nergv  levels  e.m  be  drawn  that  represent  the  potential  eiiergv  ol  the  total 
svstem.  le  ion  •  surlacC  v'r  neutral  •  surf. ice.  foi  ,i  raie-eas-like  atom  that 
doc's  not  form  .i  chemical  bond  -Xs  tlie  ion  approaches  ihe  surf.icc.  the  ini.ige 
lorce  lowers  the  l.vel  ol  the  initial  st.ite  behav  the  intmile  sep, nation  level  -Xt 
short  dist.iiKes.  the  re('ulsion  between  the  ion  .nul  ihe  surl.ne  c.uiscs  die 
potenli.il  curves  to  rise  sfiarplv  .n  a  m. inner  simil.ir  to  those  desciibing  the 
collision  ol  two  .iionis  Xs  a  neutral  .itoni  .ipproaches  .i  snrlacc  the  m.nn 
V  in.iti.'ii  ol  ciiergv  leveK  witli  dist.mce  o  due  to  tlie  sni.dl  v.m  Icr  .,.iU 
.I'U.Klioi!'  until  .1  di'I.inie  euuiv.ilent  l,  .ipprovon.ilelv  the  snin  .U  the  iloriiK 
I  tdii  .'I  die  p'o|ectile  .ind  l.irget  .itom  o  re. idled  Xl  this  point  diere  is  .m 
onset  ol  repulsive  inter .idions  between  collisi,,n  p.irinei'  .nid  the  potenlial 
enetgv  loe'  i.ipidiv  SiiKe  ionic  i.idn  .lU'  m.iller  th.in  .itomic  i.idii  die 
di'l.iiisc  .it  wliicli  die  ionic  potenti.il  uses  due  to  die  repulsion  is  shorter  th.in 
ill, It  ol  die  .iioinic  pi'lential  Hence  crossings  hel'ween  the  iouk  eiound  s|  ne 
.ind  excited  -l.i'.  -s  the  neutral  can  occur  .is  ,  ilecre.ises  .ind  diese  cuivC'  will 
not  tend  to  c  ross  .le.iin  in  the  repulsiv  e  i  C'Cion  I  raiic  k  (  on  don  l  r.iiisi  tn  eis  ..in 
Occur  at  the  cr.'ssuig  p.nnt  these  iiu'c  s  .ilone  the  inconiine  l r.i.cc  liirv 
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resulting  in  neutralization:  reionization  can  also  occur  at  the  crossing  along 
the  outgoing  trajectory. 


3.  Experimental  methods 

An  ideal  experiment  involving  the  use  of  low  ene-gy  reactive  ion  beams  to 
study  projectile-surface  reactions  and  collision  dynamics  includes  the  follow¬ 
ing  features:  the  beam  is  mass-selected,  has  a  narrow  energy  spread,  and  is 
tunable  over  a  large  range  (1-1000  eV).  Both  ions  and  substrate  targets  can  be 
chosen  from  a  broad  range  of  materials.  The  internal  slate  distribution  of  the 
reactants  in  the  beam  is  well-defined.  The  beam-surface  reaction  is  initiated 
and  allowed  to  progress  in  UHV  conditions,  in  order  to  minimize  any  role  of 
background  gases  in  the  reaction.  The  reaction  products,  both  on  the  surface 
and  in  the  gas  phase,  as  well  as  their  internal  states  can  be  monitored  by 
several  techniques. 
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Fi^  3.  Schematic  drawing  of  a  low  energy  ion  beam  aasembly  and  UHV  analysis  ch.vnber  -  top 
view.  The  contpouenu  include:  (I)  ion  source  and  gat  inlet,  (2)  electrostatic  quadrupole  doublets. 
(3)  vacuum  pumping  port,  (4)  ceramic  iaolaior  for  flight  tube.  (S)  60°  sector  electromagnet,  (6) 
gate  vaKe,  (7)  6°  deflector  plates  (to  eliminate  fast  neutrals)  and  turbomolecular  pumping  stage, 
(8)  rotatable  flap  serving  as  a  differential  pumping  baffle  and  beam  aperture.  (9)  detelerator  lens. 
(10)  LEED/AES  hemispherical  gnd  analyzer,  (II)  He  I/He  II  UPS  source.  (12)  CMA  analyzer, 
(13)  viewport.  (14)  RGA  mass  spectrometer.  (15)  sample  holder.  (16)  pulsing  plate  connections, 
and  (17)  vanable  gas  admission  scheme. 
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Generation  of  low  energy  (1-1000  eV)  reactive  ion  beams  is  one  of  the  most 
important  aspects  of  the  experiment:  this  requires  the  techniques  of  ion  optics 
established  in  mass  spectrometry.  An  example  of  the  low  energy  ion  beam  line 
and  UHV  spectrometer  system  (46-50]  currently  operated  in  the  present 
authors’  laboratory  is  shown  in  fig.  3  Ions  are  generated  inside  a  C'olutron 
.source  by  electron  impact  discharge  of  intrcxiuced  gases.  Since  it  is  difficult  to 
transport  low  energy  ions  over  long  distances,  they  are  accelerated  to  several 
keV  after  being  extracted  from  the  source.  The  beam  transfer  optics  are 
floated  at  the  negative  potential  of  the  acceleration  energy.  A  60°  electromag¬ 
netic  sector  IS  used  for  mass  selection  in  the  beam  line.  Fast  neutral  species 
emanating  from  the  mass  analyzer  arc  eliminated  by  a  6°  beam  deflector.  The 
ions  are  decelerated  to  the  desired  energy  just  prior  to  impact  with  the  target. 
The  source  ionization  region  is  maintained  at  1-5(X)  eV  above  the  grounded 
target,  thus  defining  the  collision  energy. 

When  reactive  gases  are  used  for  generating  the  beam,  the  source  region, 
beam  line,  and  scattering  chamber  must  be  efficiently  differentially  pumped. 
This  allows  the  reactions  to  be  carried  out  under  ultra-high  vacuum  condi¬ 
tions,  thus  minimizing  surface  contamination  and  maximizing  the  detectability 
of  small  amounts  of  surface  products  as  well  as  desorbed  species  in  real  time. 
In  the  .system  shown  in  fig.  3,  four  stages  of  differential  pumping  by  oil 
diffusion  and  turbomoltxular  pumps  are  used  to  reduce  the  gas  pressure  from 
a  few  Torr  in  the  source  region  down  to  the  10  Torr  range  in  the  main 
chamber  during  ion  exposure. 

The  collision  chamber  has  facilities  for  cleaning  (sputtering  and  heat 
annealing)  the  sample  and  in  situ  analytical  techniques  for  charactenzation  of 
the  target  surface  as  well  as  the  scattered  and  desorbed  species.  It  contains  a 
cylindrical  mirror  analyzer  (CMA)  with  X-ray  and  L'V  source  for  photoelec¬ 
tron  spectroscopy  (XPS  and  UPS)  and  an  electron  gun  for  Auger  electron 
spectroscopy  (AES),  a  180°  hemisphencal  retarding  grid  for  low  energy 
electron  diffraction  (LEED),  and  a  quadrupole  mass  spectrometer  for  residual 
gas  anahsis  (RGA).  In  order  to  perform  time-of-flight  ion  scattenng  measure¬ 
ments,  .1  mass  spectrometer/TOF  drift  tube  is  placed  in  the  piosition  of  the 
LEED  optics  and  a  pulsed  ion  source  is  placed  at  the  position  of  the  RGA. 

The  system  described  above  was  constructed  from  a  conventional  UHV 
chamber  m  order  to  meet  the  requirements  for  use  with  reactive  ion  beams  and 
surface  spectroscopic  techniques  for  product  analysis.  If  nonrcactive  gases  are 
to  be  used  for  generating  the  beam  and  the  interaction  of  these  gases  with  the 
target  surface  and  other  components  can  be  ignored,  the  svstem  design  can  be 
simplified  in  several  ways.  An  example  is  the  system  designed  by  Winters 
[51,52]  in  fig.  4  for  trie  u.se  of  rare-gas  ions  in  low  energy  sputtering  experi¬ 
ments.  Ions  are  generated  in  region  V  by  electron  impact  ionization  of  rare 
gases.  Electrons  are  accelerated  from  the  source  filament  F..  into  this  region 
and  collected  at  electrode  F  The  ions  arc  provided  with  specific  energies  when 
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they  are  accelerated  through  the  biased  grids  H  toward  the  target  filaments 
Fi.  j.  Tungsten  filaments  are  used  as  targets  and  the  amount  of  gas  adsorbed 
on  and/or  sputtered  from  these  filament  surfaces  is  determined  by  flash 
desorption/ mass  spectrometric  detection. 
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in 

Fig.  4.  Simpliried  set-up  for  low  energy  ion/suiface  studies.  F,  and  Fj  are  the  surfaces  studies. 

With  permission  from  ref.  (SI). 
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Scattering  experiments  can  be  performed  by  pulsing  the  low  £  beam  and 
using  time-of-flight  (TOP)  and  mass  spectromctric  detection  methods.  The 
pulsing  and  TOP  detection  scheme  (49j  are  shown  in  fig.  5.  The  slow  ion  beam 
can  be  pulsed  by  using  square  wave  potentials  of  opposite  polarity  on  a  set  of 
parallel  electrostatic  plates.  By  adjusting  the  delay  of  these  square  waves,  a 
window  of  less  than  1  /iS  can  be  generated  in  which  the  sweep  voltage  goes  to 
zero,  thereby  gating  the  ion  beam  and  generating  an  ion  pulse.  The  scattered 
particles  travel  through  a  quadrupole  mass  spectrometer  that  serves  as  a  flight 
tube  (when  all  elements  are  grounded)  or  a  mass  analyzer  for  ions.  Standard 
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Fig.  5  (A)  Schematic  diagram  of  ihc  puUmgand  imc-of-flighi  (TOF)  detection  scheme  for  0-300 
eV  ions,  (a)  ion  beam  deceleration  lens,  (b)  deflection  plates,  (o  sample,  (d)  ionizer,  (e) 
quadrupole  rods,  (f)  ch.innel  electron  multiplier,  (g)  grounded  aperture,  and  (h|  flight  path. 
Components  (d)  and  tel  are  grounded  for  TOF  scattering  (B)  pulsing  sequence  used  to  generate  a 
low  energy  pulsed  ion  beam  With  permission  from  ref  |49|. 
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[25.53]  TOF  detection  electronics  and  a  channel  electron  multiplier  (C’F.M)  are 
used  for  detection.  The  CFM  detects  both  neutrals  and  ions,  althiiugh  the 
detection  efficiency  [53-55]  for  neutrals  is  pcKU  at  low  energies.  This  ulti¬ 
mately  determines  the  lowest  /;  at  which  scattered  neutrals  can  he  detected 
without  post-ioni/aition. 

La.sers  or  electron  beams  must  be  used  for  post-ioni/atiiin  of  very  low  E 
scattered,  desorbed,  or  sputtered  neutrals.  In  order  to  increase  the  sensitivity 
of  the  ma.ss  spectrometer,  the  quadrupolc  should  be  directed  towards  the 
sample  and  as  close  as  possible.  The  primary  beam  can  be  pulsed  or  chopped 
and  a  lock-in  amplifier  used  to  process  the  mass  spectrometer  signals  [56].  The 
amplitude  and  the  phase  shift  of  the  modulated  signal  allows  the  determina¬ 
tion  of  reaction  probability  as  well  as  reaction  time  cimstants  for  the  selected 
reaction  products.  The  technique  of  matrix  isolation  has  been  used  success¬ 
fully  [57.58]  for  analyzing  sputtered  and  desorbed  species  In  this  technique,  a 
cryohaffle  partially  surrounds  the  sample  and  ejected  species  are  condensed  on 
these  surfaces.  If  the  surfaces  are  made  of  a  tran.sparcnt  material,  spectro¬ 
scopic  measurements  such  as  absrvrbance  versus  frequency  can  be  made 
through  viewports.  Los  and  co-workers  [59-61]  have  studied  trapping  prob¬ 
abilities  of  hyperthermal  alkali  at-'m  beams  (0.5  .30  eV)  on  surfaces.  The  beam 
is  produced  by  sputtering  an  alkali  target  with  fast  argon  ions  and  energy 
selection  is  performed  by  means  of  a  mechanical  slotted  disc  selector.  A  cross 
correlation  t-chnique  is  used  to  determine  the  time  response  of  the  surface 
during  oombardment  by  the  alkali  atoms.  The  peak  in  this  function  corre- 
oponds  to  the  fraction  of  projectiles  which  have  been  reflected  by  the  surface 
and  the  exponential  decay  defines  the  mean  residence  time  of  the  projectiles 
which  are  initially  trapped  by  the  surface  but  will  desorb  after  some  adsorp¬ 
tion  time.  In  earlier  experiments.  Lemmon  and  co-workers  [62.63]  used  radio¬ 
active  '‘*C‘  beams  in  the  range  5  to  100  eV  to  react  with  hydriKarbons  that 
were  frozen  at  -196°(  on  a  cold  probe.  The  products  were  analyzed  by 
gas-liquid  partition  chromatography  on  an  instrument  that  recorded  both 
mass  (thermal  conductivity  cells)  and  radioactivity  (proportional  counter) 
detection 


4.  Kinematics  and  dynamics  of  ion-surface  collisions 

4.1.  Binary  collision  model 

For  ion  energies  in  the  keV  range,  the  binary  elastic  collision  model 
provides  a  good  desenption  of  lon/surface  collision  kinematics  and  the  laws 
of  conservation  of  energy  and  momentum  can  be  used  to  describe  scattered 
trajectories  and  energies  [64].  Classical  collision  theory  treats  the  scattered 
particles  as  rigid  spheres,  where  the  repulsive  potential  between  the  colliding 
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pair  is  zero  before  contact  and  infinity  when  the  distance  of  closest  approach 
reaches  the  sum  of  the  radii  of  the  two  spheres:  there  is  no  attractive  potential 
in  this  model.  A  detailed  treatment  of  classical  dynamics  can  be  found  in 
several  texts  [65-67].  In  general,  the  collision  geometry  is  defined  in  terms  of  a 
particle  of  ma.ss  A/,  and  energy  E  which  strikes  a  target  atom  with  mass  W, 
which  is  initially  at  rest.  If  there  were  no  interaction  between  the  impinging 
particle  and  the  target  atom,  the  particle  would  pass  at  a  distance  .r„  from  the 
target  atom:  this  distance  is  called  the  impact  parameter  of  the  collision.  As  a 
result  of  the  interaction,  the  projectile  is  scattered  through  an  angle  6  relative 
lo  liie  direction  of  the  initial  motion  and  the  target  atom  is  recoiled  through  an 
angle  <i>  relative  to  the  initial  motion.  Although  a  complete  cla.ssical  dynamics 
calculation  that  follows  individual  trajectories  is  required  for  spectral  simula¬ 
tion  [68,69],  the  major  spectral  features  of  scattered  particles  can  be  cla.ssified 
into  the  two  simple  categories  described  below,  for  the  purpose  of  interpreta¬ 
tion  and  discussion.  The  prefix  “quasi”  is  used  in  these  categories  to  denote 
that  the  description  is  greatly  oversimplified,  i.e.  both  the  scattering  and 
recoiling  trajectories  are  influenced  by  more  than  just  one  collision  partner. 
However,  for  the  purpose  of  spectral  interpretation,  it  is  extremely  useful  to 
have  such  simple  cla.ssifications  for  the  major  features. 

4. 1  I  Quasi-single  scattering  tSS) 

Quasi-single  scattering  (SS)  represents  the  case  of  one  large  angle  deflection 
that  is  preceded  and  followed  by  a  few  very  small  deflections.  This  typically 
produces  a  sharp  scattering  peak  whose  energy  is  near  that  of  the  theoretical 
stngle-collision  energy.  This  energy  £.  of  a  particle  scattered  from  a  single-col¬ 
lision  is  given  as 

£.  =  £[{cos  4-  ( .4-  +  sin-0 )'  ')/( 1  -i-  /I  )j‘.  (10) 

where  A  =  If  the  ma.ss  of  the  impinging  particle  is  smaller  than  or 

equal  to  the  mass  of  the  target  atom.  .A/,  <  .1/,  and  A  >].  then  the  positise 
sign  in  eq  (10)  is  used.  If  the  mass  of  the  impinging  panicle  is  greater  than 
that  of  the  target  atom.  ,V/,  ^  A/,  and  .-I  <  1.  both  signs  are  u.sed  in  the 
expression.  The  energy  of  the  scattered  particle  is  then  found  to  be  a  double 
valued  function  of  the  scattering  angle,  i.e.  there  arc  two  £^  for  each  6.  For  the 
ca.se  of  A  <  ].  the  maximum  SS  scattering  angle  is 

0^3,  =  sin  'A.  (11) 


4.1.2.  Quasi -multiple  scattering  (MS) 

Quasi-multiple  scattering  (MS)  represents  the  case  of  at  least  two  large 
angle  deflections  that  are  preceded  and  followed  by  smaller  deflections.  This 
typically  prtxiuces  a  scattering  peak  that  is  broader  and  at  higher  energy  than 
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the  SS  peak.  The  high-energy  lima  is  approximated  by  repeated  application  of 
eq.  (10)  for  each  large  angle  deflection.  For  example,  in  a  double  collision,  eq. 
(10)  would  be  applied  twice  using  scattering  angles  of  6/1  and  the  from  the 
first  collision  as  the  E  input  for  the  second  collision.  The  high-energy  limit  for 
MS  converges  rapidly  as  several  small  angles  are  used  to  approximate  the  total 
scattering  angle.  The  breadth  of  the  MS  peak  arises  from  the  various 
multiple-angle  combinations  that  can  result  in  deflection  into  the  laboratory 
scattering  angle  0.  Besides  the  higher  energy  peak.  MS  sequences  also  produce 
a  broad,  low-intensity  structure  that  can  lie  beneath  and  extend  to  lower 
energies  than  me  SS  peak.  Thi.>  broad  structure  is  a  result  of  MS  seqL.cnces 
that  produce  slower  scattered  particles,  e.g.  a  double  collision  sequence  with 
one  backscatiering  (  >  90  °  )  collision  and  one  forward  scattering  collision  or  a 
sequence  in  which  a  nrojectile  penetrates  below  the  outermost  surface  layer, 
loses  energy  in  collisions,  and  then  re-emerges. 

4.2.  E.xten.sion  to  low  energy  reactire  ions 

As  previously  stated,  the  binary  approximation  is  applicable  to  ions  with 
£  >  1  keV.  In  contrast,  for  ions  with  £  <  1  eV.  particle  motions  are  coupled  to 
the  surface  phonons  and  the  binary  collision  approximation  no  longer  pro¬ 
vides  a  valid  description  of  the  scattering  process.  In  the  intermediate  region 
( £  =  1-1000  eV)  there  are  gradual  transitions  from  the  regime  of  simultaneous 
many-body  interactions,  governed  by  weak  long-range  potentials,  to  that  of 
sequences  of  quasi-independent  binary  collisions,  governed  by  strong  short- 
range  interactions.  Likewise  at  these  lower  energies,  attractive  potentials 
between  active  ions  and  the  surface  become  important. 

Tong-son  and  Cooper  (70)  have  studied  noble  gas  scattering  using  a  mass 
spectrometric  technique  and  concluded  that  the  binary  approximation  model 
is  valid  down  to  20  eV,  whereas  Veksler  (71)  and  Arifov  (72)  reached  the 
opposite  conclusion  for  the  scattering  of  alkali  ions  in  the  same  energy  range. 
Hulpke  (73)  has  interpreted  the  scattering  of  Li*  from  W(llO)  and  Si(lll) 
surfaces  at  energies  between  2  and  20  eV  within  the  framework  of  the  binary 
collision  model  by  appending  an  attractive  part  to  the  interaction  poiectial 
between  the  colliding  partners.  The  extensive  theoretical  work  of  Meyer  and 
co-workers  [74]  suggests  that  surface  rainbows  are  due  to  the  corrugation  of 
the  interaction  potential  and  therefore  allow  the  determination  of  the  potential 
hypersurface.  Recently,  the  importance  of  such  ion -atom  potentials  in  atom 
ejection  sequences  during  reactive  ion  bombardment  simulations  has  been 
emphasized  by  Harrison  et  al.  (75).  These  authors  have  found  that  at  low 
energies,  molecular  ejection  (some  species  even  containing  the  impinging 
reactive  ion)  is  favored  over  .sputteiing  of  atomic  species.  This  observation  has 
significant  implications  with  regard  to  the  correlation  of  reaction  probabihties. 
reactive  ion  induced  desorption  or  chemical  sputtering  of  adlayers.  deposition 
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of  films  by  reactive  ion  bombardment,  and  assiKiated  effects 

Due  to  the  relative  lack  of  experimental  data  in  the  low  energy  regime,  the 
detailed  description  of  the  dynamics  of  ion  scattenng  primarily  comes  from 
trajectory  simulations.  One  model,  developed  by  Kasi  et  al.  (49),  provides  a 
good  description  of  the  trajectories  of  both  noble  gas  and  active  ions  in  the 
1-200  eV  range.  This  model  generates  the  cla.ssical  trajectories  by  solving 
Hamilton's  equations  of  motion  for  a  s\stem  consisting  of  the  projectile  and  a 
model  surface  atom  lattice.  The  interactive  potential  for  each  particle  is  given 
as  a  sum  of  pairw'ise  contributions  and  the  force  acting  on  the  panicle  is 
obtained  by  taking  the  negative  of  the  poten'ial  gradient  The  pairw-ise 
potential  employed  was  the  Biersack-Ziegler  (76]  (BZ)  potential  for  the  noble 
gas  ion  and  a  combination  of  Morse  [77]  and  Biersack  Ziegler  potentials 
(MBZ)  for  the  reactive  ions.  The  MBZ  potential  is  defined  as 

+  (1  -/(r)!  (12) 

where  r  is  an  interatomic  distance,  and  2re  the  Biersack-Ziegler 

and  Morse  potentials,  respectively,  and  /(.v)  is  the  mixing  function,  given  by: 

/(s)  =  1.  for  .«  <  r, . 

/(s)  =  cos'[(,?  -  s,)/2(.r,  -  .V,)).  for  s,<v<i^.  (13) 

/( s )  =  0.  for  .s  >  . 

The  values  of  s,  and  ,Vj  are  determined  from  the  conditions 

^m(T,)  =  0  (14) 

and 

5,  =  5,/10.  (15) 

The  MBZ  potential  incorporates  both  a  short-range  repulsive,  interaction, 
modeled  by  f  ,,/.  and  a  long-range  attractive  interaction,  modeled  by  1^^,. 

The  differences  in  the  scattering  trajectories  of  a  noble  gas  ion,  Ne ' .  and  an 
active  ion.  O',  from  Ni  are  shown  in  fig.  6.  Whereas  the  .scattered  Ne  flux  i.s 
strongly  focused  around  90°  and  120°.  the  O'  flux  exhibits  a  more  isotropic 
angular  distribution. 

Selected  irajeclones  representing  typical  SS  and  DS  events  for  50,  100,  and 
200  eV  Ne*.  O*.  and  C  scattering  from  the  model  of  Ni(lll)  into  a  detector 
at  6  =  90°  are  shown  in  figs.  7  and  8.  The  impact  parameters  for  these 
irajectones  lie  on  the  long  axis  of  the  surface  cell  and,  consequently,  the 
trajectories  are  planar.  The  ordinates  on  these  plots  are  the  normal  distances 
of  the  projectiles  from  the  surface  and  the  abscissas  represent  the  projectile 
coordinate  along  the  surface  (figs.  7A  and  8A)  or  the  time  spent  by  the 
projectiles  along  the  course  of  the  trajectory  (figs.  7B  and  8B).  As  seen  in  figs. 
7A  and  8A,  the  impact  parameters  contnbuting  to  the  scattering  angle  =  90° 
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Fig  6  Trajectory  simulations  using  a  one-dimensional  stnng  mixiel  for  50  eV  Ne"  and  O' 
scattering  from  Niflll)  at  45°  incidence.  The  BZ  and  MBZ  potentials  have  been  used  for  Ne  ' 
and  O  ■ .  respectively.  The  perpendicular  particle-surface  distance  versus  horizontal  disunce  along 
the  surface  has  been  plotted.  Atomic  centers  in  the  string  are  indicated  by  small  circle.s.  With 

permission  from  ref.  (49) 


differ  slightly  for  the  three  projectiles;  zero  on  the  abscissa  represents  the 
position  of  the  surface  target  atom  that  causes  the  first  large  angle  deflection. 

It  is  clear  from  these  figures  that  the  reactive  ion  trajectories,  particularly 
those  with  low  energies,  are  bent  towards  the  surface  on  both  their  incoming 
and  outgoing  courses  and  that  the  large  deflections  away  from  the  surface  take 
place  within  rather  short  sections  of  the  trajectory.  On  f*'e  contrary,  deflec¬ 
tions  of  Ne*  trajectories  away  from  the  surface  are  distributed  over  larger 
trajectory  segments.  It  is  also  apparent  from  figs.  7A  and  8A  that  in  the  low  £ 
region.  -  50  eV,  the  active  ions  have  distances  of  closest  approach  (Sg)  that 
are  significantly  shorter  than  those  of  Ne"^.  Such  a  difference  cannot  be 
accounted  for  by  mass  considerations  alone  as  attested  by  the  comparable 
values  of  Sq  observed  at  200  eV.  Table  1  lists  Sg  for  each  atom  at  different 
energies  as  predicted  by  both  the  MBZ  potential  and  the  BZ  potential.  The 
ratios  of  these  distances.  =  *mbz/^bz-  also  listed  in  table  1.  The  5„, 
values  decrease  with  decreasing  £.  indicating  that  the  effect  of  the  attractive 
potential  on  r,,  becomes  increasingly  important  at  low  energies.  This  effect  is 
larger  for  C  than  for  O.  consistent  with  a  deeper  attractive  well  depth  for  C. 
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The  time  plots  show  that  the  active  ions  scatter  “early"  along  the  trajectory 
compared  to  Ne*.  A  combination  of  the  lighter  mass  and  attractive  well  depth 
results  in  this  scattering  feature  of  the  active  ions. 

Changes  in  the  interaction  potentials  along  the  projectile  trajectory  have 
been  investigated  at  SO  and  200  eV  for  typical  SS  and  MS  events  and  the 
results  are  shown  in  figs.  9  and  10.  The  corresponding  ion  trajectories  are 
superimposed  on  the  diagrams.  It  is  apparent  that  in  each  case  a  large 
deflection  occurs  within  the  regions  of  the  repulsive  potential  maxima.  These 
maxima  are  broader  for  Ne  than  for  O  and  C.  particularly  at  low  energies. 
This  indicates  that  the  long-range  attractive  potential  contributions  from 
nearest  and  next-nearest  neighbors  make  the  repulsive  potential  regions  sharper 
for  the  active  ions.  Hence,  an  impinging  Ne*  ion  scatters  from  a  more 
uniformly  corrugated  Ni  potential  hypersurface  than  O*  and  C".  This  makes 
the  scattered  Ne*  flux  more  dependent  on  the  incoming  direction  (i.e.  more 
anisotropic)  in  comparison  with  the  scattered  flux  of  O*.  as  indicated  in  fig.  6. 
Also,  the  width  of  the  repulsive  scattering  regions  as  well  as  the  shapes  of  the 
corresponding  projectile  trajectories  at  50  eV  show  that  the  scattering  cannot 
be  interpreted  as  a  sequence  of  nearly  independent  binary  collisions  and  that  a 
many-body  interaction  picture  must  be  used  to  describe  the  event. 
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Fig.  7.  Trajectory  simulations  of  typical  sin^  scattering  collisions  of  Ne"  ( - ),  O  ‘  ( . ). 

and  C*  ( - )  using  the  BZ  potential  for  Ne*  and  ihe  MBZ  potential  for  O*  and  C*.  (A) 

Perpendicular  particle -surface  distance  versus  horizontal  di.stancc  along  the  surface.  (B)  Per¬ 
pendicular  particle -surface  di.stance  versus  time  (in  fs)  along  the  course  of  the  trajectory.  The 
origin  of  the  ordinate  axis  represents  the  outermost  atomic  layer  of  the  surface.  With  permission 

from  ref  (49). 
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Fig.  8.  Similar  to  fig.  7  but  for  double  mattering  collision!.  With  permission  from  ref.  [49|. 


Table  1 


Calculated  fraction  at  scattered  flux  ( F)  and  distances  of  closest  approach  .t„  for  SS  and  MS  of 
Ne  ■ .  C  *.  and  O *  from  Ni  at  tf  «  90  “  and  several  primary  energies  £  ( from  ref.  (49]) 

£(eV) 

f  (xlO')*” 

*M8/  (!^) 

(A) 

c 

*n\ 

Ne‘  200 

14 

- 

0.864 

_ 

(19) 

(1.06) 

100 

34 

- 

1.06 

- 

(30) 

(1..36) 

50 

120 

- 

1.30 

- 

(220) 

(1.60) 

O'  200 

5.6 

0.735 

0.816 

0.90 

(0.71) 

(0.853) 

(l.Ol) 

(0.75) 

too 

6.5 

0.839 

1.01 

083 

(10) 

(0.982) 

(1.27) 

(0.77) 

50 

5.5 

0.930 

1.24 

0.75 

(1.5) 

(103) 

(1  59) 

(0.65) 

C*  200 

4.7 

0.651 

0.753 

0.87 

(0.33) 

(0  761) 

(0.940) 

(0.81) 

100 

5.0 

0.730 

0  941 

0.78 

(0.39) 

(0.853) 

(1.18) 

(0.72) 

50 

4  3 

0.799 

1.16 

0.69 

(0.48) 

(0.914) 

(1  51) 

(0.60) 

Multiple  scattering  data  are  in  parentheses. 

F  is  proportional  to  the  differential  scattering  cross-section. 
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Fig.  4.  Plots  of  the  total  scattering  potential  and  single  scattering  trajectories  versus  distance 
traveled  along  the  courv:  of  the  trajectory  for  Ne  " .  O  *.  and  C  ‘  ions  scattering  at  (A)  50  eV  and 
(Bl  200  eV  at  8-90“.  The  left  ordinate  labels  the  poieniiai  and  the  right  ordinate  labels  the 
normal  distance  of  the  particle  from  the  surface.  With  permission  from  ref.  (49) 


1  K  I,  I  M  .  H 

Fig.  10  Similar  to  fig  9  hut  for  double  scattering  collisions  With  permission  from  ref.  (49) 
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Fig.  II  Hluls  1)1  the  ratio  of  the  ^altering  cncrg>  to  prinvar>  c.•ncrg>  I.)  icrxu'  pnm.ir> 
erjergy  F  from  experimental  (tXP)  SS  and  MS  mea>uremenl!>.  the  binary  colliMon  approximation, 
and  from  the  trajectory  (TRJ)  calculations  With  permission  from  ref  (49| 


The  relevance  of  such  trajectory  simulations  can  be  seen  by  comparison  to 
the  available  experimental  data.  Ftg.  11  shows  the  relative  .scattering  energies 
EJE  versu,s  £  for  MS  and  SS  of  Nc,  C  and  O  from  Ni.  The  scattering 
energies  calculated  from  the  trajectory  simulations  are  in  gtxid  agreement  with 
the  experimental  scattenng  energies.  The  trajectory  calculations  succe.ssfully 
predict  the  steep  increa.se  in  £./£  with  increasing  £  for  Ne.  The  calc  tions 
also  predict  a  sharp  decrease  in  EjE  versus  £  at  loss  primary  energies,  for 
active  ions,  however  there  is  no  experimental  data  to  confirm  this. 

4.3.  Siatlermif  of  polvatonuc  mm 

The  scattering  behavior  of  polyatomic  ions  in  this  low  energy  range  is 
complicated  by  the  presence  of  several  additional  degrees  of  freedom,  namely 
rotation,  vibration  and  dis.sociation.  Fig.  12  shows  a  typical  TOF  spectrum  for 
the  scattering  of  100  eV  CO  ‘  from  Ni(lll).  The  spectrum  is  broad  and 
featureless.  This  is  due  to  the  fact  that  the  scattered  flux  consists  of  not  only 
CO  but  C  and  O  resulting  from  dissociation.  When  an  incident  diatomic  ion 
dissociates,  its  kinetic  energy  is  distributed  to  the  resulting  fragments  accord 
ing  to  their  mass.  For  CO.  58%  of  the  incident  energy  goes  to  O  upon 
dissociation  while  42%  goes  to  C.  The  scattering  TOF  expected  for  100  eV  CO 
multiple  scattering  as  well  as  for  58  eV  0‘  and  42  eV  C '  single  and  multiple 
scattering  are  indicated  in  fig.  12.  As  can  be  seen,  the  binary  collision  model 
provides  a  good  description  of  the  scattering  energies  for  this  complex  system. 

The  dominant  feature  of  polyatomic  .scattering  is  the  collisKynally  induced 
dissociation  of  the  ion.  There  is  very  little  experimental  data  concerning  the 
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Fig.  12  TOf  spectra  for  UK)  eV  CO*  Mratiering  frt»m  Ni  at  !*o\iiu)ns  marked  arc  fi>r  (a)  42 
eV  C  *  multiple  'tattering,  (h)  5K  cV  <)  *  multiple  scaitcnng.  (c)  42  c\  t  '  single  scattering,  (d)  ‘'K 
cV  O  *  single  scattering,  and  (e)  100  eV  C*()  multiple  staitenng  With  permission  from  ref  [49j 


dis,stx;iation  of  polyatomic  ions  at  lo\^  energies,  however  insighi  may  he  gained 
by  examining  work  at  higher  kinetic  energies. 

The  interaction  of  keV  diatomic  ions  with  surfaces  has  received  a  great  deal 
of  interest  in  recent  year:;.  When  diatomic  ions  are  scattered  from  surfaces,  the 
scattered  flux  consists  of  surviving  molecular  species  in  addition  to  atomic- 
species  resulting  from  dissociation.  Most  id  the  w-ork  has  been  concentrated  on 
H;  scattering  [28,78-81 1.  At  scattenng  energies  up  to  several  keV.  small 
molecular  ion  fractions  (  ~  <  5*? )  surxive  the  collisions,  even  though  the  elastic 
losses  to  the  surface  are  much  larger  than  the  bond  energy  of  the  molecular 
lon. 

Extension  to  heavier  diatomic  ions  has  been  confined  primarily  to  N2 
(29.31,82-  861.  Balashova  et  al.  (31.84)  have  found  that  some  N2  survives  even 
at  collision  energies  up  to  .30  keV  and  also  noted  a  strong  directional 
dependence  to  the  .scattered  N;‘  flux.  Heiland  and  Tagiauer  [83]  have  observed 
that  molecular  ion  survival  is  stronglv  dependent  on  the  surface  condition  for 
N.'  scattering  from  Ni  at  a  primary  ion  energv  of  41X1  eV  and  scattering  angle 
of  20°.  The  molecular  ion  yield  was  found  to  incrca.se  by  a  factor  of  two  for 
scattering  from  ,i  nitridcd  Ni(llO)  surface  as  compared  to  the  clean  or  sulfur 
covered  surface  They  attributed  this  to  more  effective  vibrational  quenching 
of  the  sc.iitered  N,'  by  surface  N  than  by  Ni  or  S. 

4.3.1.  General  leaiures  al  uiatonuc  scaiierm^  in  the  kel'  ran^c 

The  energv  spectra  for  2.0  keV  N,’  scattering  from  gold  and  graphite  are 
given  in  fig.  13  (87).  Each  spectrum  consists  of  two  peaks,  the  high  kinetic 
energy  pieak  corresponding  to  surviving  molecular  ions  and  the  low-  energv 
peak  corresponding  to  dis.stx:iaicd  atomic  ions.  Also  shown  in  fig  13  are  the 
energies  for  multiple  and  .single  scan>‘<-"’«  of  2.0  keV  N,'  and  1.0  keV  N  ' 
calculated  from  eq.  (10).  The  moiecuiai  ion  peak  occurs  at  the  multiple 
scattering  energy  while  the  atomic  ion  ncak  iKCurs  at  the  single  scattering 
energy.  This  result  is  general,  having  aiso  been  observed  in  Cf)‘  scattering 
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from  Mg  (27).  This  is  expected  as  it  is  more  likely  that  a  diatomic  ion  will 
survive  mulliple  soft  collisions  rather  than  a  single  hard  collision.  The  second 
point  of  importance  is  the  relative  width  of  the  molecular  peak  to  the  atomic 
peak.  For  N,"  scattering  from  gold  the  atomic  peak  is  twice  as  broad  as  the 
molecular  ion  peak.  This  is  a  common  feature  to  dissociation  of  high  energy 
diatomic  ions  [88]  and  will  he  discussed  in  more  detail  below.  The  various 
aspects  of  diatomic  sca»tering  and  the  mechanism  of  dissociation  will  be 
discussed  below. 

4.i.2.  Classical  effects 

The  first  theoretical  interpretation  of  the  scattenng  behavior  of  polyatomic 
ions  was  given  by  Bitenski  and  Parillis  (89-91).  They  employed  classical 
trajectory  considerations  to  explain  the  survival  of  high  energy  molecular  ions 
reflecting  from  surfaces.  Basically  they  consider  the  atoms  of  a  diatomic  ion  to 
move  along  independent  trajectories.  The  incomii  g  trajectories  are  correlated 
by  the  bond  distance  of  the  molecular  ion  and  the  orientation  of  the  molecular 
axis  to  the  direction  of  incidence.  The  scattering  trajectories  are  shown  in  iig. 
14.  n  the  incident  molecular  orientation  is  such  that  the  relative  kinetic  energy 


Fig  13  Posilive  ion  ESA  spectra  for  2.0  kcV  Nj  scattering  from  graphite  and  gold  surfaces  The 
letters  represent  energies  calculated  from  eq  (10)  for  the  following  cases  (/  )  2  0  keV  N,*  single 
scattering,  (b)  2.0  keV  Nj*  double  scailenng  (C)  10  keV  N*  single  scailcnn;,.  (E)  1  0  keV  N* 
double  scattering.  With  permission  from  ref.  [871 
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Fig  14  In-plane  double  scauenng  of  a  dialomic  molecule  from  a  iingle-crvsial  surface.  The 
surface  lattice  constant  of  a  low-index  crystallographic  direction  is  d.  impact  parameters  are  h 
and  scattenng  angles  8  The  intemuclear  separation  of  the  molecule  is  I,  r,  and  ix  are  the 
velocitv  vectors  after  the  scattenng  With  permission  from  ref  193]. 


of  the  two  atoms  after  scattering  ts  less  than  the  bond  energy,  of  the  ion, 

i.e. 

(16) 

the  scattering  is  associative.  If  the  scattering  is  dissociative.  Using 

this  approach  they  were  able  to  derive  expressions  for  the  molecular  ion 
survival  fraction.  Their  treatment  also  predicts  the  broadening  of  the  energy 
distributions  of  the  dissociated  atoms  which  they  attribute  to  self-scattering  of 
the  individual  atoms.  The  agreement  of  this  model  is  good  for  high  energy 
collisions  [31,84]  but  poor  for  low  energy  scattering  [86).  One  interesting 
aspect  of  this  model  is  that  it  predicts  overpopulation  of  high  rotational  levels 
for  the  surviving  molecular  ion.  This  has  yet  to  be  confirmed  experimentally. 

Jakas  and  Harrison  (92)  performed  Monte  Carlo  simulations  of  diatomic 
scattering  and  found  that  such  phenomena  as  target  atom  recoil  and  inter- 
nuclear  interactions  play  an  important  role  in  the  sup'ival  of  the  molecular 
ion. 

4.3.J  Electronic  effects 

The  most  extensive  work  on  electronic  effects  in  dialomic  scattering  was 
performed  by  Heiland  el  al.  [93|.  The  classical  considerations  of 
Bitcnski  Panllis  and  Jakas- Harrison  can  account  for  surviving  molecular 
ions,  atomic  ions  and  neutrals  in  the  scattered  flux  of  a  diatomic  ion.  These 
approaches  cannot  account  for  the  scattenng  of  neutral  molecules  as  this 
would  require  electron  transfer  from  the  surface  to  the  molecular  ion.  Scattered 
neutral  molecules  have  been  ob.served  (29,.30,49, 86,94 -96]  in  time-of-flighi 
spectra  of  scattered  dialomics  from  a  vanety  of  surfaces  For  example,  fig.  15 
shows  the  iime-of-flight  spectrum  of  550  eV  N/  scattenng  from  Ni(lll).  The 
scattered  ions  have  been  accelerated  after  scattering.  It  is  clearly  observed  that 
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Char.npl  NutnDer 

Fir.  15.  Time-of-flighl  spectra  of  550  eV  N/  scaltenng  from  Ni(lll)  The  sharp  peak  super¬ 
imposed  on  the  neutral  position  is  due  to  neutral  Nj  With  permission  from  ref  (931. 

the  majority  of  the  scattered  flux  is  neutral.  Also  the  sharp  feature  at  the 
center  of  the  neutral  peak  is  assigned  to  neutral  scattering.  Obviously  at 
the  lower  energies  employed  in  these  experiments,  charge  exchange  with  the 
surface  plays  an  important  role. 

Heiland  et  al.  (93)  have  proposed  a  model  for  electronic  interaction  of 
polyatomic  ions  with  surfaces.  Fig.  16  depicts  schematically  the  possible 
charge  exchange  processes  between  an  incident  diatomic  ion  and  the  surface. 
Neutralization  of  the  incoming  ion  can  proceed  via  resonant  transfer  between 
the  surface  valence  band  and  molecular  orbitals  of  the  ion  at  the  same  energy 


Internuclear  Seporotion  n  Molecule 


F>g.  16  Schemalic  illuauation  of  poviible  charge  exchange  processe.s  between  a  molecule  and  a 
surface.  On  the  left  is  the  ‘‘Fermi-sea"  of  solid  slate  electrons  To  ihe  nghi  the  loni/jiion  energy 
of  three  typical  molecular  states  as  a  function  of  the  internuclear  separation  The  states  shown  are 
the  ground  state,  an  antibonding  stale  correlating  with  A  s  B  and  an  excited  state  correlating  with 
A'  *  B  Some  pos.sible  electronic  processes  are  resonant  neutralization  RN.  resonant  ionization 
RI  and  Auger  neutralization  AN.  With  permission  from  ref  [93], 
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or  by  Auger  neutralization  to  molecular  orbitals  lying  below  the  valence  band. 
Electron  transfer  into  a  bound  molecular  orbital  results  in  neutral  mt^ecular 
scattering.  Transfer  into  an  antibonding  orbital  results  in  dissociation  and 
neutral  atomic  scattering.  The  energy  of  the  transferred  electron  in  excess  of 
the  dissociation  limit  is  ^ven  off  as  relative  kinetic  energy  of  the  resulting 
fragments  npcr.  dissociation.  This  explains  the  broadened  energy  distribution 
of  the  scattered  molecular  fragments.  Snowdon  et  al.  (9S]  analyzed  the  energy 
distribution  of  scattered  neutral  atomic  N  following  Nj*  scattering  from 
Ni(lll)  by  transforming  the  experimental  energy  distributions  into  relative 
kinetic  energy  distributions  in  the  center  of  mass  system.  The  relative  kinetic 
energy  distributions  they  obtained  are  shown  in  fig.  17.  The  relative  kinetic 
energy  distribution  is  constant  for  primary  ion  energies  less  than  1  keV.  At 
higher  ion  energies  the  distributions  broaden  and  the  tail  extends  to  higher 
relative  kinetic  energies.  They  attribute  this  to  the  contribution  of  rovibra- 
tional  excitation  at  higher  primary  ion  energies.  Their  work  suggests  that 
classical  breakup  mechanisms  (i.e.  rovibrational  dissociation)  is  negligible  at 
primary  ion  energies  below  1  keV  and  that  electronic  excitation  is  the  primary 
dissociation  mechanism  at  these  lower  energies. 

Additional  support  for  electronically  induced  dissociation  comes  from 
studies  of  the  effect  of  lowering  the  work  function  of  Ni  by  Cs  adsorption  on 
Nj*  and  Oj*  scattering  (%].  The  effects  are  shown  in  fig.  18.  The  neutral  N2 
yield  increases  dramatically  upon  Cs  adsorption,  clearly  indicating  the  role  of 
electron  transfer  in  the  formation  of  neutral  Nj. 

The  work  of  Heiland  ct  al.  clearly  demonstrates  the  role  of  electron  transfer 
in  the  collisional  dissociation  of  diatomic  ions  leading  to  neutral  atomic 
scattering.  Sass  and  Rabalais  (87)  have  recently  reported  a  study  of 
scattering  from  graphite  and  gold  surfaces.  They  measured  the  energy  distribu¬ 
tions  of  the  scattered  N*  ions  resulting  from  dissociation.  These  energy 
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Fig.  17  Rcladve  kinetic  energy  disinbunon  of  N  atoms  observed  following  di&soaative  aiuich- 
mcni  to  N;*  al  a  Ni(l  11)  surface.  Eq  is  the  pnmary  ion  energy.  With  permission  from  ref.  (93) 
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Fig.  18.  Neutral  particle  lime-of-night  specua  of  l.S  keV  Nj*  interactiag  at  grazing  incidence  with 
(a)  clean  Ni  and  (b)  Ni  +  Cs.  For  under  identical  conditions  (c)  and  (d)  are  observed.  With 

permission  from  ref.  (93). 


distributions  were  then  converted  to  relative  energy  distributions  in  the  center 
of  mass  system  and  are  shown  in  fig.  19.  The  behavior  is  similar  to  the  neutral 
N  data  of  Heiland  [95],  These  relative  kinetic  energy  distributions  reflect  the 
energy  released  upon  dissociation.  The  incoming  N/  can  undergo  resonant  or 
Auger  neutralization  according  to  the  mechanism  of  Heiland  [93]  leading  to 
neutral  scattering.  Ionic  scattering  arises  from  those  molecules  which  survive 
in  their  original  charge  state  or  are  reionized  on  the  outgoing  trajectory.  Those 
molecules  which  survive  in  their  original  charge  state  collide  with  a  surface 
atom  in  the  close  encounter.  In  the  close  encounter  significant  orbital  overlap 
between  the  target  atom  and  the  molecular  ion  occurs,  resulting  in  electron 
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HElATivE.  kinetic  ENEfiCv,  E,  (eV/oiom) 

Kig  14  Relative  kinc-in.  cncrg>  disinbulions  of  (he  nitrogen  atomic  N'  ions  resulting  from  1.5. 
.T  O.  and  4  5  keV  N.'  scattenng  from  gold  and  graphite  at  8  -  22° .  With  permission  from  ref  [ST] 


promotion  according  to  the  Fano-Lichten  mechanism  197],  Electron  promo¬ 
tion  into  an  antibonding  state  of  the  molecular  ton  results  in  disstxriation.  For 
N,' .  the  relative  kinetic  energy  distributions  indicate  that  most  of  the  molecu- 
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Fig  20  Energs  level  diagram  for  N  .'  Fhe  ordinate  represents  the  potential  energ>  of  an  electron 
bound  to  N2  The  zero  of  energs  is  the  zer<vp«sint  energy  of  ground  state  'X.  neutral  N.  The 
Franck  L  ondon  region  illustrates  a  transition  leading  to  dissociatinn  into  N(  *S"  1  *  N  ‘  (  'P)  With 


permission  from  ref  |87| 
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lar  ions  dissociate  from  levels  0-9  eV  in  excess  of  the  dissociation  linnit. 
Examination  of  the  Nj*  energy  level  diagram  in  fig.  20  shows  that  electronic 
excitation  of  N;‘  in  the  close  encounter  to  the  dissociative  state  or 

predissociative  state  will  give  rise  to  these  relative  kinetic  energies.  Thus 
electron  promotion  in  the  close  encounter  may  also  play  an  important  role  in 
the  collisionally  induced  dissociation  mechanism  of  molecular  ions. 

4  . 14.  Exiemion  to  large  molecule.^ 

Cooks  and  co-workers  (35,98,99]  have  studied  the  fragmentation  of  large 
molecules  such  as  metal  carbonyls  and  hydrocarbons  following  low  energy 
(  <  100  eV)  impact  with  metal  surfaces  by  mass  spectrometry.  The  fragmenta¬ 
tion  patterns  show  a  strong  dependence  on  incidence  energy,  however  in 
general  much  richer  fragmentation  patterns  are  obtained  from  this  method 
than  from  ga.s-phase  collisional  induced  dissociation.  This  area  of  research 
promises  to  develop  into  a  powerful  new  analytical  tool  in  mass  spectrometry. 


5.  Charge  transfer  procem  in  ion-surface  coHisions 

Inelastic  processes  in  ion -surface  collisions  can  result  in  the  conversion  of 
translational  kinetic  energy  into  electronic  excitation  and  ionization  of  the 
atoms  in  the  collision  pair.  This  electronic  excitation  of  the  scattered  or 
sputtered  particles  can  result  in  such  phenomena  as  shifts  in  the  scattering 
energy  from  the  elastic  scattering  position  (10-13).  variation  in  the  specific 
charge  sutes  of  the  sputtered  or  scattered  species  (24-26)  or  emission  of 
electrons  and  photons  from  the  projectile  or  target  species  (14.19). 

In  the  past,  most  studies  of  inelastic  collisional  processes  have  been  carried 
out  in  the  gas  phase  (38-40)  where  the  number  of  inelastic  channels  is  lintited. 
The  study  of  ion  -surface  collisions  is  complic :*’.cd  by  the  multitude  of  inelastic 
channels  possible.  One  of  the  major  goals  of  research  in  this  area  is  to 
determine  which  of  these  inelastic  channels  are  operative  in  specific  ion-surface 
colli.sions. 

Projectiles  scattered  in  distinct  single  binary  collisions  (SS)  with  a  surface 
atom  offer  a  unique  opportunity  to  study  inelastic  ion-surface  collisions  in 
that  their  trajectories  and  velocities  are  well  defined.  Likewise,  directly  re¬ 
coiled  (DR)  surface  atoms  constitute  a  specific  case  of  secondary  particles  for 
which  the  collision  energy,  DR  atom  velocity,  trajectory  and  point  of  origin 
are  well  known.  The  study  of  these  well  defined  cases  of  primary  and 
secondary  particles  allows  the  channels  by  which  the  translational  energy  of 
the  primary  ion  is  converted  to  electronic  excitation  and  ionization  energy  to 
be  determined.  The  fraction  of  primary  or  recoiled  atoms  in  an  ionized  state  as 
a  result  of  a  specific  scattering  or  direct  recoiling  event  is  determined  as  the 
differential  ion  fraction  The  ion  fraction  is  the  ratio  of  the  number  of 
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positive,  N*,  or  negative.  A/  ,  ions  to  the  total  number  of  particles  recoiled  or 
scattered  into  a  specific  solid  angle,  and  is  given  by 

+  N'  -)  -  N]/{N  +  N'  +  N  ),  (17) 

where  N  is  the  number  of  neutrals.  In  this  chapter  we  will  attempt  to  give  an 
overview  of  the  methods  by  which  ion  fractions  are  measured  and  the 
information  that  the  mea.suremeni  of  ion  fractions  provide  on  the  charge 
exchange  channels  operative  in  ion -surface  collisions. 

5.1.  Experimental  considerations 

The  measurement  of  scattered  and  recoiled  ion  fractions  requires  the  ability 
to  separately  analyze  the  scattered  or  recoiled  neutral  and  ion  flux.  Two  basic 


Fig.  31  Schematic  diagram  ol  UHV  chamber  for  TOF  scailenng  and  recoiling.  X-ray  and  W 
photoelectron  spectroscopy,  and  mass  specuometry  (A)  cylindncal  mirror  electron  analyzer.  (B) 
quadnipole  mass  speciromeler,  (C)  electrostatic  deHector.  (D)  electron  multiplier  detector.  (E) 
electrostatic  lens,  (F)  pulse  plates.  (G)  Wien  niter,  (H)  Colulron  ion  source,  and  (I)  .sample.  The 
UV  and  X-ray  sources  project  out  of  the  plane  of  this  diagram  and  are  not  shown.  With 

permission  from  ref.  |1 25| 
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approaches  to  this  problem  have  been  employed.  In  the  first  approach  [100). 
the  reflected  ions  are  first  analyzed  with  an  electrostatic  analyzer.  The  neutrals 
are  then  analyzed  by  first  electrostatically  deflecting  the  scattered  ions  from 
the  scattered  flux.  The  remaining  scattered  neutrals  then  pass  into  a  stripping 
cell  where  they  are  ionized  by  ct»llisions  with  a  buffer  gas  The  resulting  ions 
are  then  analyzed  with  the  electrostatic  analyzer.  The  ion  fraction  is  then  the 
ratio  of  the  signal  for  scattered  ions  to  the  signal  when  the  neutrals  are 
ionized.  This  approach  suffers  from  the  efficiency  of  the  stripping  cell  which 
limits  the  accuracy  of  the  measured  ion  fractions  and  the  types  of  species 
which  can  be  studied 

The  second  method  for  the  measurement  of  ion  fractions  employs  time-of- 
flight  detection  of  the  scattered  and  recorded  particles  (25).  A  schematic  of  the 
apparatus  u.sed  in  these  experiments  is  given  in  fig.  21.  Basically,  a  pulsed  ion 
beam  is  directed  at  the  sample  and  the  scattered  and  recoiled  flux  is  velocity 
analyzed  by  time-of-flight  (TOP)  techniques.  TOP  analysis  allows  the  simulta¬ 
neous  measurement  of  the  vekKity  spectrum  of  both  the  neutrals  and  ions. 
The  TOP  spectrum  of  the  neutrals  only  is  then  measured  by  electrostatic 
deflection  of  the  scattered  ions  before  they  reach  the  detector.  The  ion  fraction 
can  then  he  obtained  by  subtracting  the  neutral  only  ( N )  spectra  from  the  ion 
plus  neutral  { N '  +  N'  +  N )  spectra.  The  ion  fractions  determined  by  this 
method  are  more  accurate  than  those  determined  with  the  use  of  a  stripping 
cell  since  the  neutrals  are  measured  directly.  It  is  also  applicable  to  any 
system.  This  method  does  suffer,  however,  from  the  inherently  lower  resolu¬ 
tion  of  the  TOP  velocity  analysis  than  electrostatic  energy  analysis. 

5.2.  Model  for  scattered  ion  fractions  (Y., 

Scattered  ion  fractions  have  been  measured  for  .several  ion/ surface  combi¬ 
nations  [19,24,25.100-1101.  For  noble  gas  (109)  and  active  ions  [105]  on  metal 
surfaces.  T.,  values  range  from  0-70%.  while  for  alkali  ions  [110].  is 
typically  >  80%.  In  order  to  trace  the  phenomena  that  contribute  to  this  wide 
range  in  scattered  ion  fractions,  the  collision  sequence  must  be  analyzed  at  all 
points  of  the  scattering  trajectory.  Due  to  their  low  ionization  potentials,  the 
alkali  ions  represent  a  specific  case  of  primary  ion  and  will  be  treated 
separately  below. 

We  divide  the  ion  trajectory  near  the  surface  into  three  segments:  (i)  the 
incoming  trajectory,  (ii)  the  close  encounter,  and  (iii)  the  outgoing  trajectory. 
In  steps  (i)  and  (iii),  it  is  assumed  that  charge  exchange  occurs  via  Auger  and 
resonant  transitions  according  to  the  treatment  of  Hagstrum  [111].  In  segment 
(ii).  the  ionization  and  neutralization  probabilities  are  determined  by  the 
distance  of  closest  approach,  according  to  the  Pano-Lichten  mechanism 
[97.112], 
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5.2.1.  Incoming  and  outgoing  trajectories 

The  transition  rate  R{s)  along  the  incoming  or  outgoing  trajectory  is 
assumed  to  be  only  a  function  of  the  perpendicular  distance  s  of  the  ion  from 
the  surface.  Assuming  a  simple  exponential  rate  function  (111). 

R(s)  =  .4  exp(  -as),  (18) 

where  A  (time  ' )  is  a  pre-exponential  constant  and  a  (distance  ' )  determines 
the  ion-surface  interaction  range.  Defining  P,{s,  i\)  as  the  probability  that  a 
particle  with  incoming  velocity  v,  perpendicular  to  the  surface  will  reach  s  in 
its  original  charge  state,  it  can  be  shown  that 

P,(s,  i',)  =  exp[-(,4,/af,)exp(-as)|.  (19) 

For  an  outgoing  particle,  /*o{s,  l'„)  is  the  probability  that  a  particle  with 
outgoing  velocity  i'„  perpendicular  to  the  surface  will  reach  s  =  oc  in  its 
original  charge  state  and  is  given  by 

^o(^.  f'o)  =  exp(/l.,/at’„)(exp( -as)  -  l|.  (20) 


5.2.2.  The  close  encounter 

In  the  close  encounter,  we  define  two  additional  processes,  P;.^(So)  and 
/’i(s„)  which  are  functions  only  of  the  distance  of  closest  approach  s„  for  a 
given  projectile/ target  combination  /’s(  'o)  *he  probability  for  neutraliza¬ 
tion  of  ions  that  have  survived  the  incoming  trajectory  and  P,{Sf,)  is  the 
probability  that  neutrals  formed  along  the  incoming  trajectory  will  be  re¬ 
ionized  at  s,|.  The  mechanism  for  and  /’|(Su)  is  according  to  electron 

promotion  in  the  close  encounter  as  described  by  united -separated  atom 
diagrams  (97,112).  i.e.,  the  Fano-Lichten  mechanism.  These  processes,  coupled 
with  electron  transfer  on  the  incoming  trajectory.  P,.  and  outgoing  trajectory  , 
are  shown  schematically  in  fig.  22. 

In  the  discussion  above,  it  was  assumed  that  the  scattered  primary  ion  can 
assume  only  two  charge  states,  namely  m  =  0,  + 1 .  This  is  because  the 
production  of  negative  charge  states  for  noble  gas  ions,  the  primary  ions  used 
in  the  majority  of  these  studies,  is  negligible.  Also  at  the  primary  ion  kinetic 
energies  used  in  these  studies  (0.1 -10  keV),  the  production  of  multiply  charged 
positive  ions  is  insignificant. 

5.2.3.  Final  F.  expressions 

Based  on  these  assumptions,  expressions  for  the  scattered  ion  fractions  Y . 
are  derived  by  considering  a  primary  ion  beam  of  /V,,'  ions  impinging  on  the 
surface.  The  yield  of  scattered  atoms  in  charge  state  m.  .V'",  is  given  by 

.S’"  =  A,v; (do/df2)  nP'”.  (21 ) 

w  here  k  is  a  spectrometer  constant,  da/dl2  is  the  differential  scattenng  cross 
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Fig  22  Dcnvaiion  nf  ihe  probabilities  for  consecutive  neutrall/jiion  and  ionization  along  the 
three  segments  of  the  ion  trajectory  Onlv  two  channels  yield  ions:  the  upper  channel  prixiuces 
P,,f,  type  and  the  lower  channel  produces  /*, ,  type  ions.  With  permission  from  ref.  llOdj, 


section,  Ai2  is  the  acceptance  solid  angle  of  the  detector,  n  is  the  surface  atom 
density  and  P'”  is  the  probability  for  atom  A'  to  be  in  charge  state  m  =  0.  +1 
at  ,s  =  X  following  a  scattering  event.  Tracing  the  probabilities  for  consecutive 
neutralization  and  ionization  along  the  three  segme  ns  of  the  .scattering 
trajectory  as  shown  in  fig.  22.  it  is  found  that  only  twu  channels  yield  scattered 
tons,  ^ OR  and  P^  ^..  represents  ions  which  have  survived  neutralization  in 
all  three  segments  of  the  scattering  trajectory  while  ,  represents  ions  formed 
by  reionization  of  neutrals  formed  on  the  incoming  trajectory  in  the  close 
encounter.  The  overall  positive  ion  scattering  probabilits  is  then 


^  ~  fllR  ^('1-  • 

(22) 

where 

-Py)- 

(23a) 

F.,  =(I  -P,)P,P„. 

(23b) 

The  neutral  scattenng  probability  is  given  by 

F"  =  />,(!- F^,)(l  -  FJ  +  +  (1  - - /’o)  +  (1 

(24) 

The  scattered  ion  fraction  is  then 

=  +  A()- /’or +  /’<>• 

(25) 

Eq.  (25)  has  the  expected  behavior  in  the  limits  of  low  and  high  kinetic  energy. 
For  example,  at  low  incidence  energy  where  .r,)  is  large,  inelastic  processes  in 


47 


40 


SR  Kasi  el  ai  /  Ineiastic  prw  esses  in  hw-enerf^  ion  ■  surfoie  lollisions 


the  close  encounter  are  negligible,  hence 
P^=P^^0  and  y.=P,P,. 

as  described  by  Hagstruiii  [111].  In  the  high  energy  limit, 
and  therefore 
y\  IS  then  given  by 

i.e..  the  only  neutrals  are  those  produced  in  the  close  encounter. 

5.2.4.  Transition  prohahiliites 

Rigorous  calculation  of  the  electronic  transition  probabilities  or  charge 
exchange  probabilities  in  the  close  encounter  and  along  the  incoming  and 
outgoing  irajeciones  are  beyond  the  scope  of  this  paper  Such  calculations 
represent  an  active  area  of  research  [113-119).  This  section  presents  a  qualita¬ 
tive  approach  which  can  be  used  to  understand  the  general  behavior  of  ion 
surface  charge  exchange. 


DISTANCE  OF 
CLOSEST  APPROACH  (A) 

Fig.  2.1  fakulaieU  Jisiantes  <’f  closes!  approach  versus  primary  ion  Linetic  energy  for  Ne/Mg 
collisionv  .11  22°  and  4.S°  and  Ar/Mg  collisions  al  22°  The  sum  of  the  radii  of  maximum  radial 
charge  densitv  for  various  combinations  of  the  L  and  K  shells  are  indicated  on  the  Figure  Wiih 

permission  from  ref.  |109| 
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Consider  electron  promotion  in  the  close  encounter.  The  priKresses  oc¬ 
curring  in  the  close  encounter  Z’,  and  have  a  strong  dependence  on  the 
actual  distance  between  the  colliding  atoms.  The  distance  of  closest  approach 
s„  can  be  calculated  from  scattering  calculations  [109].  Plots  of  .v,,  versus  E  are 
shown  in  fig.  2,'l  along  with  the  positions  corresponding  to  the  sum  of  the  radii 
(^sf  maximum  radial  charge  density  for  various  combinations  of  electronic 
shells  of  importance  in  Ne*  and  .\t'  collisions  with  Mg.  The  plots  show  that 
for  incidence  energies  greater  than  -  2  keV.  significant  penetration  of  the  core 
atomic  shells  is  achieved. 

Specific  electron  promotions  in  the  close  encounter  can  be  predicted  [112] 
by  constructing  separated -united  atom  diagrams  and  using  diabatic  correla¬ 
tions  (120).  Such  diagrams,  as  fig  24.  show  that  as  the  separated  atoms  merge 
to  form  a  molecule,  filled  MO’s  resulting  from  inner  shells  cross  neutral  MO’s 
that  correlate  to  higher  principle  quantum  number  AO's  of  the  separated 
atoms  As  atoms  approach  and  recede  from  each  other,  electronic  transitions 


Fig.  24.  United- separated  im  csirrelation  diagram  for  electrons  in  ihe  field  of  two  differently 
charged  nuclei.  Diahalic  MO's  connect  levels  of  the  infinilelv  separated  atoms  (right)  with  those 
of  the  united  atom  (left),  maintaining  the  same  value  of  the  quantum  number  difference  ( n  -  /) 
MO's  with  m  0.  I.  2  (o.  IT.  (5)  are  denoted  by  solid,  dashed  and  doited  lines,  respectuelv  W  ith 

permission  from  ref  |109) 
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can  occur  at  these  crossings  with  the  result  that  electrons  can  he  trapped  m 
AO’s  of  high  principal  quantum  number.  1  he  resulting  electronic  configura¬ 
tions  yield  autoioni/ing  and  highly  excited  discrete  states  whose  lifetime 
(10 ^’-10  s)  are  longer  than  the  collision  times  (U)  ''  10  s). 

For  Ne-Mg  collisions,  fig.  24.  the  diagram  shows  that  excitation  energy  can 
be  channeled  into  Ne  through  its  2p  orbital  which  correlates  with  the  highh 
promoted  4fo  MO.  Flectronic  transitions  (121)  from  the  4fo  MO  to  other  a 
MO’s  (e.g..  3s.  4p.  4s,  etc.)  can  occur  via  radial  coupling  and  transitions  to  ir 
MO’s  in  which  the  component  of  orbital  angular  momentum  along  the 
internuclear  axis.  A.  changes  by  one  unit  (e.g.,  3p,  3d.  4f)  can  cx-cur  by 
rotational  coupling.  Autoionizing  and  excited  states  produced  in  this  encoun¬ 
ter  are  major  contributors  to  high  K,  values.  Although  such  diagrams  are  only 
qualitative,  the  significant  feature  is  that  electrons  occupying  highly  promoted 
MO’s  are  very  weakly  bound  to  the  molecule  {  ~  1  eV  binding  energy)  and  are 
easih  ionized. 

Consider  the  mcimnng  and  outgoing  trajectory  of  the  scattered  particle 
Electronic  transitions  along  these  trajectories  are  governed  b\  the  relative 
positions  of  the  electronic  energy  levels  of  the  solid  and  scattered  particle.  The 
transitions  can  he  divided  into  two  categories,  resonance  and  .Auger  transi¬ 
tions.  Letting  N"'  represent  a  scattered  ion  of  charge  state  m  and  S  represent  a 
target  surface  with  v  electrons  in  its  valence  band,  a  resonance  transition  can 
be  represented  as 

N'"  -(-  V  e.s  N'"  '  +  (  V  -  1)  es  (26) 

In  such  a  resonance  surface-to-particle  charge-transfer  transition  (S  ^  N) 
an  electron  tunnels  fr<'m  a  filled  level  of  the  solid  into  a  level  containing  a 
vacancy  at  the  same  energy  of  the  particle.  I  ransition  1  or  (S  N)  can  (Kcur 
only  when  the  particle  possesses  a  vacanev  in  the  level  /  which  is  within  the 
energy  bounds  '  F,  |  <  [  |  <  1  f  ^  |  or  |  /.',  (  <  ]  F,'  |  •  |  /,  „  I .  Resonant  par- 
ticle-tosurface  ch.irge-lransfer  (N  —  S)  transitions  can  only  iKciir  when  the 
scattered  particle  posses.ses  an  occupied  level  F,"  which  satisfies  the  condition 
F,"  <  F,  and  F,"  <  F, 

.A  two-electron  or  Auger  surface-uvparticle  charge-transfer  transition  ( •-  S 
-•  N)  invohes  the  siniultaneous  transition  of  two  electrons  such  as 

N'"  -t-  V  e^  ■  •  N'"  '  -  (  \  -  2)  c\  -re  (27) 

In  this  process  an  electron  from  a  filled  valence  band  of  the  solid  tunnels  into 
the  sc.itiered  particle  well  and  drops  into  a  discrete  vacant  level;  a  second 
electron  of  the  solid  is  excited  into  the  conduction  band  or  ejected  into  the 
continuum  -Nn  .Auger  transition  can  only  occur  when  the  scattered  particle 
possesses  a  v.icancy  in  the  level  F',’  which  satisfies  the  conditions,  for  a  metal 
F,  <  F,'  and  fiir  an  insulator  |  F,  |  <  F,'  and  ]  i  ^  j2F,  '  ■  F,  j 
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.5.J.  l\U’n\ion  ol  mixJi  l  in  Jirecth  rt  t'iilcJ  (DR)  ion  Iroi'lions 

DR  ion  fractions  are  typicalls  less  than  30'?  [122  123]  The  model  of  ion 
fractions  of  scattered  ions  is  dircctK  applicable  to  the  ion  fractions  of  DR 
particles  with  two  modifications,  f  irst,  since  the  DR  particle  originates  at  the 
surface,  its  trajectory  consists  of  iml\  two  segments:  (1)  the  close  encounter 
.tnd  (ii)  the  outgoing  trajeciors  SecondK.  the  original  charge  state  I'f  the  DR 
atom  in  the  surface  is  not  as  clearly  defined  as  an  impinging  ion 

Two  Fano  Licnten  type  prcKCsses  arc  defined  in  the  close  encounter.  /’" 
and  P"'.  Considering  target  atoms  in  charge  state  m.  P"'  is  the  probahilits 
that  these  atoms  will  be  reduced  to  charge  state  {m-  1)  and  is  the 
probability  that  these  atoms  will  lose  ime  elecirim  ii'  pnsduce  charge  state 
( rn  -r  1 1  as  .1  result  of  the  collision  These  priKCsses  are  shown  schematicalls  in 
fig  25.  Here  the  subscripts  1.  2.  anil  .1  denote,  respcitisels.  the  undisturbed 
targei  atom,  the  atom  immediateK  after  the  cli'se  encounter  with  a  projectile 
atom  anil  the  atom  infinitely  far  from  the  surface  following  the  outgoing 
trajectors  I’rior  to  the  close  encounter,  the  number  id  target  atoms  in  charge 
state  in  is  V|"  Fi'llowing  the  encounter  the  charge  states  are  described  by  .V”. 
w  here  n  -  m .  /»i  +  1 .  . .  1  for  m  -  \  and  0  and  n  -  0  and  1  for  /ii  -  1 .  These 

bounds  limit  the  ma.'iimum  charge  state  to  //  =  f  1  and  prohibit  the  reduction 
to  negatise  ions  n  -  1  as  a  result  of  the  collision.  The  upper  limitation 
n=  -  I  is  used  for  simplification  and  because  previous  studies  [UW]  have 
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shown  thai  the  fraction  of  multipiv  charged  DR  ions  produced  in  this  energy 
range  is  lin\  The  neglect  of  reduciitm  to  n=  -  ]  during  the  collision  is 
supported  b\  experimental  data.  for.  as  expected,  a  relatively  unstable  species 
such  as  a  negative  ion  will  tend  not  to  survive  in  the  violent  high-energy 
environment  of  the  close  encounter. 

Electron  exchange  on  the  outgoing  trajectory  occurs  via  the  same  mecha¬ 
nism  as  for  scattered  ions.  The  probability  that  the  particle  will  reach  s  =  x  in 
charge  slate  ni  is  given  by  eq.  (20). 

These  prixesses  are  shown  schematically  in  fig,  25.  At  v  =  x.  the  charge 

states  are  described  b\  .V".  where  n  =  m,  ni  -  1 . -  1.  This  limits  electronic 

processes  on  the  outgoing  trajectory  to  electron  pickup  by  the  particle,  i.e.. 
charge  reduction  down  to  n  =  —  1  rather  than  the  energetic  prtx'ess  of  electron 
loss  by  the  particle,  e  g.,  ionization.  Using  the  .scheme  of  fig.  25.  the  probabili¬ 
ties  for  production  of  a  DR  in  charge  state  m.  P”' .  can  be  derived  for  various 
initial  charge  states  The  resulting  values  are  listed  in  table  2;  here  the 

initial  negative  and  positive  charge  states  are  taken  as  -  1  and  1 . 

.Analogous  arguments  to  those  for  scattered  ions  give  a  qualitative  descrip¬ 
tion  of  the  transition  probabilities  of  DR.  Fig.  26  shows  that  in  Ar  Si  and 
.Ar  O  collisions,  excitation  energy  can  be  channeled  into  Si  and  O  via  their  2p 
levels  which  correlate  with  the  highly  promoted  4fo  ,M().  Electronic  transitions 
to  4fo  and  other  promoted  MO's  produce  autoionizing  states  in  the  DR  as  the 
atoms  recede.  Transitions  to  partially  filled  Si  .Ip  or  02p  orbitals  can  produce 
high  >■  values.  Experimentally  it  is  observed  that  >  .  values  for  O’  and  (  ' 
DR  are  considerably  lower  than  those  for  Si  ’  [124). 

Tahlo  2 

h»5pres.'iions  for  >  , for  initial  neutral,  ncgalne.  and  positive  bonding  envirunniunis  and  the 
limits  of  >  ai  X  and  o  (from  ref.  |109|) 
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^lg  Ih  Lniicd  atom  (UA)  -  separated  atom  (SA)  correlation  diagrams  for  electrons  in  the  field 
of  tsso  differentK  charged  nuclei  Diabatic  MO’s  connect  the  levels  of  the  infiniteK  separated 
atoms  (right  side)  with  those  of  the  unites'  atoms  (left  side),  maintaining  the  same  value  of  the 
quantum  number  dtfferense  (n  ~  I)  The  diagrams  are  spc’cificallv  for  Ar  Si  and  ,Ar/()  collisions 
and  experimental  energ>  levels  are  used.  MO's  with  .'/•=()  1.  ;  to.  ».  5)  are  denoted  bv  solid, 
dashed,  and  dolled  lines,  re.vpeciively  With  permission  from  ref  |124) 


This  result  IS  in  agreement  with  the  predict-.ins  of  Barat  and  Lichten  [112], 
i.e..  excitation  cross  sections  should  rise  to  a  maximum  for  collision  partners 
of  similar  Z  and  decrease  with  increasing  Z.  The  similar  atomic  number  of  .^r 
and  St  results  in  good  orbital  matchups  and  efficient  promotion. 

In  the  outgoing  trajectory,  resonance  charge  exchange  can  ticcur  between 
the  DR  and  the  surface  as  shown  m  fig.  27  for  Mg  DR  from  Mg  and  MgO. 
Auger  transitions  are  also  important  as  shown  in  fig.  28  for  Si  DR  from  St  and 
SiO;, 

For  the  Si  ca.se.  Si '  ions  can  be  neut^all^ed  by  (S  -►  N)  and  ( ♦-  S  -►  N) 
transitions  and  Si  ions  can  be  neutralized  by  (N  -•  S)  transitions.  Emerging 
neutrals  cannot  undergo  (N  -•  S)  transitions  to  prtiduce  positive  ions  because 
the  valence  band  of  Si  is  filled  For  SiO,  the  large  band  gap  makes  it 
improbable  for  emerging  Si  ’  and  Si  to  undergo  charge  exchange  processes 
with  the  surface,  resulting  in  enhanced  values. 
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(a)  it) 

Kig  27  hleciron  oncrg\  Jiagraniv  reprcscniing  a  panicle  Jeparhtig  a  surface  as  a  result  i»f 
collision  The  electronic  band  structures  are  fi'f  magnesium  metal  (a)  and  magnesium  oxide  (b) 
and  the  discrete  loni/ation  potential  of  Mg  is  sht>vsn  in  »he  fsoieniial  we)!.  The  abstissj  represents 
the  distance  from  the  surface  to  the  departing  particles  and  (he  ordinate  repre.senis  the  energy  of 
an  electron  m  the  solid  or  particle  The  filled  valence  band  is  shown  shaded  The  most  prohahie 
charge-transfer  electron  transition  that  can  occur  heiuccn  the  particle  and  the  surface  while  the 
departing  particle  is  within  Angstroms  of  the  surface  is  indicated  I  his  represents  a  resonance 
surface-io-pariicle  tS  -•  N)  transition  from  the  valence  band  to  vacant  level.  <»f  the  particle, 
eg.  resonance  neuirali?aiton  of  a  departing  p<»siiive  ion  inii^  an  excited  level  or  ground  state  of 
the  neutral  species  A  resonance  partic!c-U>-surf.ice  (N  -•  S)  transition  from  an  occupied  level,  f 
ol  the  particle  into  the  conduction  hand  can  <Kcur  if  the  two  levels  are  rc‘*on.jnt  A  iwivclctiron 
Auger  pr^Kess  in  which  a  valence  band  electron  tunnels  into  a  particle  vacanev  at  and  the 
energs  gained  is  transferred  to  another  valence  band  electron  whn.h  can  be  excited  into  the 
conductK'n  band  or  ejected  into  the  amiinuum.  c  j* .  Auger  neutrah/aiion  of  a  departing  positive 
ion  can  tKCur  if  \Ey  \  <  l£''|  for  a  metal  and  ./-.  'i  >  )2£  f|  -  | /•.<  |  for  an  insulator.  With 

permission  from  ref  (123). 


loiSi  it; 


f  ig  2>  Mectron  energs  diagrams  representing  f)K  particle  emission  from  i.ii  mIh-iti  md  (bj 
silic4>n  dioxide  \V  nh  permission  from  ref  |12.M 
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5.4.  Examples  of  DR  and  scattered  ton  fractions 

Fig.  29  .shows  the  primary  ion  energy  dependence  of  the  scattered  ion 
fractions  of  Ne‘  and  Ar*  from  Mg.  The  values  are  strongly  dependent  on 
the  primary  ion  kinetic  energy  E  and  .scattering  angle  6.  The  >  .  values  all  rise 
.steeply  at  lt)w  energies  and  reach  a  plateau  at  high  energies  and  they  are 
several  times  higher  for  collision  partners  of  similar  Z.  e  g.  Ne  Mg.  than  for 
partners  of  widely  different  7. 

Y .  values  for  direct  recoils  show  a  similar  threshold  behavior  as  shown  in 
fig.  30  for  F‘  and  Li'  recoil  from  LiF.  The  F  fraction  and  Y  values  in 
genera!  show  a  very  diffcient  behavior,  usually  exhibiting  a  maximum  or  flat 
region  at  some  intermediate  energy  and  decreasing  with  increasing  energv.  It  is 
evident  that  the  Y ,  and  F  values  .show  a  distinctly  different  energv  depen¬ 
dence. 

5.5.  Applications  of  the  models  of  scattered  and  DR  ion  fractions 
5.5.1.  .Scattered  ion  fractions 

F.q.  (22)  has  several  unknown  parameters  including  .4,,.  A,,  and  a. 

In  order  to  fit  this  expre.s.sion  to  experimental  data,  it  is  neces.sary  to  make  the 
assumption  of  equality  in  the  close  encounter.  This  assumes  that  at  a  given 
distance  of  closest  approach  .v„.  and  P|  are  constant  and  independent  of  E 
and  .scattering  angle  6.  Eq.  (22)  can  then  be  solved  for  P^  and  /’,. 


Fig.  29  Stalicrcd  ion  fractions  F.  vervus  primarv  kinetic  energ\  t  for  Nc  '  \caUerlng  al  22°  and 
4S°  and  Ar '  scaiienng  al  22°  from  Mg  The  kinetic  energies  corresponding  lo  overlap  of  >pecifii 
atomic  shetls  arc  indicated  on  the  figures  as  A  -  NejMg,  (4.s°i.  B  -  Ne,  Xtg,  |22°).  C 
Ar^^Mgn  (22“  ).  12  Ar,  Mgi  (22°)  1  he  solid  lines  represent  ihe  fit  of  eq  ( 1 1 1  lo  the  Ne  '  Me 
22"  and  4S°  data  With  permission  from  ref  |HI9| 
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F>g  30  Direci  recoil  Li  '  F  '  .  F  and  (F  ‘  +  F  t  ion  fraclions  from  Ar  '  homhardmenl  of  l.iF 

Wiih  permjision  from  ref  1125) 


The  rruxlel  predicts  that  )' .  =  P„P,  in  the  low  energy  limit  Fig  31  shows  a 
plot  of  In  Y .  versus  (l  /c,  +  l/i  .,)  (eqs.  (19)  and  (20)).  The  plot  is  linear,  as 
expected,  for  energies  below  4  keV  for  Ar'/Y’  collisions  at  22°.  No  linear 
region  is  ob.served  at  45°  scattering  angles,  indicating  that  the  low  energy  limit 
is  obtained  only  for  lower  incident  kinetic  energies  (larger  values). 

The  slope  of  the  line  in  fig.  31  give  in  estimate  of  the  parameter  ratiti 
A  a  ~  5.5  X  10°  cm/'s.  This  ratio  has  been  labeled  [41  43|  the  "characierisiic 
vekKits"  The  linearity  of  the  plot  indicates  that  excitations  in  the  close- 
encounter.  and  Py.  are  negligible  at  E  <  40  keV  and  0  =  22°  but  not  at 
45°  for  even  the  lowest  energies  measured.  Similar  results  are  obtained  for 
Ne'  /Mg  collisions  [123]  in  which  P,  and  P^  were  negligible  at  E  <  1.5  keV 
and  0  =  22°  but  not  at  higher  scattering  angles.  F.stimates  of  =  A /a 
[126  128]  range  from  10  10*'  cm/s  and  the  values  determined  from  this 

mivdel  fall  well  within  this  range.  Fitting  eq.  (22)  to  the  experimental  data 
gives  3  <  <;  <  6  A  '  and  transition  rales  of  lO'''  <  /f  <  lo''  s  '.  This  is  the 
expected  order  for  radiationless  Auger  and  resonant  transitions. 
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DISTANCE  OF  CLOSEST  APPROACH  (s) 

Fig.  32.  Values  of  the  probabilities  P^  and  as  a  function  of  the  distance  of  closest  approach 
derived  by  fitting  eq.  (1 1 )  to  the  expenntenial  data.  The  positions  corresponding  to  the  sum  of  the 
radii  of  maximum  radial  charge  density  for  various  combinations  of  electronic  shells  are  indicated 
on  the  diagram.  With  permission  from  ref.  (109). 
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The  values  of  and  /*,  determined  from  fitting  the  data  for  Ne  ’/Mg  and 
At‘/Y  collisions  are  shown  in  fig.  .'^2,  Consider  the  Ne’/Mg  results.  The 
probability  P,  of  reionization  of  neutrals  formed  on  the  inasming  trajectory 
ri.ses  from  zero  at  v„  =  0.68  A  to  unity  at  s„  =  0.17  A.  The  steep  rise  begins 
near  the  s  values  corresponding  to  the  distance  for  NeL-MgL  shell  overlap. 
The  probability  of  neutralizjition  of  ions  surviving  the  incoming  trajectory 
goes  through  a  maximum  in  the  0.3  0  6  A  region.  In  general  as  t,,  decreases  P, 
and  Pf^  increase  due  to  electron  promotions  resulting  from  L  shell  overlaps  In 
this  region  Pf^  <  P^  because  the  small  inelastic  losses  proviUe  for  preferential 
population  of  the  lower  energy  excited  states  rather  than  higher  energy 
autoionizing  states  For  s,,  <  0.5  A.  P^  continues  to  increa.sc  while  P^  de¬ 
creases  slowly.  In  this  region,  the  large  inelastic  losses  result  m  preferential 
population  of  autoionizing  stales,  yielding  high  ion  fractions. 

5.5.2.  Post  lice  DR  ion  fractions 

The  expressions  of  table  2  show  that  )  .  in  a  neutral  environment  is 
determined  by  the  ionization  probability  in  the  close  encounter  P'[  and  the 
survival  probability  Pf  of  the  ion  leaving  the  surface.  Similar  expressions  are 
obtained  for  the  two  other  environments.  In  the  negative  environment  there 
are  two  consecutive  ionization  probabilities  in  the  close  encounter,  i.c .  from 
negative  to  neutral  {PD  and  then  from  neutral  to  positive  iP".).  In  the 
positive  environment,  (1  -  is  the  probability  that  a  positive  surface  atom 
is  not  neutralized  in  the  close  encounter.  The  expression  for  the  neutral 
environment  T*  -P\Pq  has  two  parameters.  /’')  and  A/a.  which  must  be 
determined  for  each  projectile- target  pair.  Plots  of  In  F.  versus  l/r,,  do  not 
provide  satisfactory  linear  plots,  for  P*'  is  velocity  dependent  (106.107).  As 
previously  discussed,  values  of  A /a  were  determined  for  Ne*  scattering  from 
Mg  and  Ar*  scattering  from  Y  at  low  energies  where  P'.'  approaches  zero; 
these  values  are  4.9  x  lO*"  and  5.5  x  10^  cm/s.  respectively.  Such  low  energies 
are  not  practical  for  DR  measurements  because  relatively  high  ion  energies  are 
required  to  produce  DR  neutrals  that  are  sufficiently  energetic  for  detection 
Due  to  the  relative  insensitivity  of  the  previously  determined  [109]  A/a  values 
to  the  specific  scattering  system,  an  average  v  alue  of  A /a  =  5  x  lO'’  cm/s  is 
used  in  the  expression  >  .  =P‘’Pu  for  the  purpose  of  observing  the  energy 
dependence  of  P‘[.  The  resulting  P'.’  values  as  a  function  of  energy  are  shown 
in  fig.  33.  The  somewhat  arbitrary  manner  of  assigning  A  /a  renders  arbitrari¬ 
ness  in  the  resulting  P"  values,  however  the  trends  observed  in  P"  as  a 
function  of  energy  remain  valid  and  provide  a  physical  interpretation  of  the 
ionization  process.  In  all  three  cases,  P“  rises  from  a  small  value  at  low  energy 
and  reaches  a  plateau  region  at  higher  energy 

.‘i.  5. 5.  Negalire  DR  ion  fractions 

The  expressions  of  table  2  show  that  Y  ,  for  atoms  in  a  neutral  environ- 
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Fig.  3.1  Values  of  the  probabilities  of  ioniration  in  the  close  encounter  /*“  and  the  probabilits 
that  a  neutral  atom  will  capture  a  surface  electron  on  its  outgoing  trajectors  ( 1  -  /“o'*)  “  function 

of  primary  ion  kinetic  energy  With  permission  from  ref.  [124). 


menl.  is  determined  by  both  and  Pq  as  well  as  the  probability  P^  of  the 
neutral  atom  leaving  the  surface  without  capturing  an  electron.  The  Pi  and 
Pq  values  calculated  above  along  with  the  experimental  Y _  values  can  be 
used  in  this  case  to  determine  P^\  The  probability  that  a  neutral  atom  will 
capture  a  surface  electron  on  its  outgoing  trajectory  is  then  given  by  (1  -  P®). 
The  quantity  (I  -  P^)  is  plotted  in  fig.  33  as  a  function  of  £  for  Si"  and  O" 
direct  recoils.  The  plots  show  that  (1  -  P^)  is  high  at  low  velocities  and  either 
decreases  or  remains  approximately  constant  as  velocity  increases.  For  surface 
atoms  in  a  negatively  charged  environment,  the  probability  of  neutralization  of 
a  negative  ion  in  the  close  encounter  P+  becomes  important  (table  2)  and  Y 
as  a  function  of  £(,  depends  on  the  behavior  of  the  product  P^P  C  Fof  surface 
atoms  in  a  posioveb'  '■•'iroeH  <*nvironment,  the  probability  of  neutralization  of 
a  positive  ion  in  the  close  encounter  P*_  becomes  important  (table  2)  and 
depends  on  P*.  P^ .  and  Pq. 


5.5.4.  General  trends  in  DR  ion  fractions 

The  data  presented  herein  show  that  high  negative  and  positive  ion  yields 
are  obtained  for  some  DR  species  and  that  the  behavior  of  these  two 
oppositely  charged  species  as  a  function  of  energy  is  distinctly  different.  This 
different  energy  dependence  indicates  that  the  two  types  of  ions  are  produced 
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by  distinctly  different  processes.  These  processes  can  be  represented  qualita¬ 
tively  according  to  the  expressions  derived  (table  2)  from  the  model. 

The  positive  ion  yields  rise  from  a  value  near  zero  at  a  specific  collision 
energy,  increase  with  energy,  and  eventually  reach  a  plateau  at  higher  energies. 
This  threshold- type  behavior  indicates  that  inelastic  processes  occurring  dur¬ 
ing  the  close  encounter,  such  as  ionization  of  neutrals  (/’« ),  are  responsible  for 
positive  ion  formation.  The  negative  ion  yields  are  usually  high  at  low  energy 
and  exhibit  a  flat  or  decreasing  yield  with  higher  kinetic  energy.  This  behavior 
indicates  that  formation  of  negative  ions  does  not  require  the  violent  colli¬ 
sions.  Their  formation  is  largely  dependent  on  the  ability  of  the  outgoing 
neutral  to  accept  an  electron  from  the  surface.  This  probability  is  described  as 
( 1  -  /’o*’ ).  where  the  survival  probability  of  the  neutral  P°  increases  with 
increasing  energy.  As  noted  from  table  2,  other  terms  such  as  /*".  /*„*, 
and  PZ  can  be  involved  in  the  Y_  function  depending  on  the  initial  charge 
state  of  the  surface  atoms;  combinations  of  these  terms  can  result  in  unusual 
shapes  for  the  Y_  yields  versus  energy. 

5.6.  Effects  of  chemical  environment  on  DR  ion  fractions 

The  data  show  that  Y^  _  values  are  strongly  dependent  on  the  chemical 
nature  of  the  atoms  in  the  surface.  For  example,  comparing  Si  to  Si02.  MgO 
to  Mg(OH)2.  and  graphite  to  hydrogenated  graphite,  the  Y,  _  values  exhibit 
large  differences.  Both  the  chemical  environment  of  the  atoms  and  the 
different  charge  exchange  probabilities  along  the  outgoing  trajectory  can 
contribute  to  these  different  ion  yields. 

5.6.1.  Influence  of  H  on  O  and  C  DR  ion  fractions 

The  large  influence  of  hydrogen  on  the  and  yields  is  particularly 
interesting.  Both  oxygen  and  carbon  have  positive  electron  affinities,  their 
negative  ions  are  stable,  and  their  positive  ions  have  a  higher  probability  of 
being  neutralized  along  the  outgoing  trajectory  than  the  negative  ions;  all  of 
these  factors  contribute  to  high  Y./Y.^  ratios  from  the  oxide  or  graphite 
surfaces.  In  the  case  of  a  OH  or  CH  moiety,  a  direct  collision  from  Ar  will 
result  in  transfer  of  most  of  the  momentum  to  the  heavier  O  or  C  atom.  The 
recoiling  O  and  H  or  C  and  H  atoms  will  have  different  velocities,  leading  to 
dissociation  of  the  OH  or  CH  group.  It  should  be  noted  that  we  have  never 
observed  molecules  in  DR  spectra,  indicating  that  the  severity  of  the  collision 
results  in  efficient  dissociation.  As  the  XH  (where  X  =  O  or  C)  moiety 
dissociates,  we  can  consider  the  dissociation  products  of  XH'  and  XH  (the 
latter  produced  by  charge  exchan^  with  Ar*)  as  shown  in  fig.  34.  The  most 
stable  products  resulting  from  concerted  dissociation  of  XH  '  will  be  XH  "  -* 
X'  -t-  H,  whereas  XH  will  yield  XH  -•  X  H  and  XH  -*  X'  -t-  H*.  During 
dissociation  of  the  XH  moiety,  the  many  potential  energy  curve  crossings  that 
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Fig.  34.  Energy  level  diagram  illustrating  the  ground  electronic  states  of  the  OH”.  OH.  and 
excited  sutes  of  the  Ar-O-H  coUisioo  complex  relative  to  suies  of  the  separated  atoms,  ions,  and 
various  combinations  of  atoms  and  tons.  With  permission  from  ref.  |123). 

result  upon  leaving  the  high  density  of  states  of  the  collision  complex  region 
favor  production  of  these  most  stable  products.  For  an  unconcerted  dissocia¬ 
tion  mechanism.  X  '  is  also  strongly  favored  over  X  *  based  on  energetics.  The 
high  sensitivity  of  the  X  "  yield  to  the  presence  of  hydrogen  strongly  suggests 
that  hydrogen  is  intimately  involved  in  the  dissociation  mechanism.  This  large 
influence  of  hydrogen  implies  that  there  is  concerted  dissociation  of  XH  ~  (and 
XH)  to  yield  the  most  stable  products,  i.e..  X'  and  H. 

5. 7.  Scattered  alkali  ion  fractions 

The  mechanism  of  neutralization  of  scattered  ions  near  the  surface  is  not 
directly  applicable  to  alkali  ions  because  alkah  atom  ionization  potentials  (IP) 
are  smaller  than  or  in  the  same  range  of  the  Fermi  levels  |  Ep  I  of  metals  or 
top  of  the  semiconductor  valence  bands  1£t|.  In  other  words,  the  lowest 
energy  vacant  level  of  an  alkali  ion  |  E*  |  typically  lies  at  a  higher  energy  than 
1  Ep  I  or  I  Ep  I .  The  model  would  therefore  predict  that  the  probabilities  of 
resonant  and  Auger  neutralization  of  the  alkah  ion  on  the  incoming  and 
outgoing  trajectory  are  P,  =  =  0.  However,  when  an  alkah  approaches  a 

surface,  its  valence  level  is  broadened  and  lowered  due  to  the  image  potential 
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induced  in  the  surface.  This  can  result  in  a  partial  overlap  of  E'  with  the 
valence  band  of  the  surface,  therefore,  near  the  surface,  P,.  *  0. 

A  model  of  the  interactions  of  low  energy  alkali  ions  (  <  100  eV)  with  metal 
surfaces  has  been  developed  [129-131]  and  successfully  extended  to  energies 
in  the  keV  range  [26.132.133}.  The  broadening  of  the  alkali  valence  level  near 
the  surface  can  be  represented  by  a  Lorentzian  distribution  [131]  of  width 
r{s)  =  fiRis).  (28) 

where  R(s)  is  the  transition  rate  near  the  surface  and  is  given  by  eq.  (18). 

The  probability  of  resonant  neutralization  is  determined  by  the  position 
and  width  of  the  alkali  valence  level  E'  relative  to  the  |  (  or  \Ef\.  When 

the  shifted  and  broadened  £,'  lies  totally  below  jfxl  or  1£f|.  resonant 
neutralization  can  occur  freely.  If  E^  lies  above  |  £t  I  or  |£|.  |.  resonance 
neutralization  cannot  occur.  When  there  is  partial  overlap  of  £,'  with  the 
valence  level,  neutralization  can  occur  with  a  probability  determined  by  the 
degree  of  overlap.  The  system  is  adiabatic  if  the  alkali  is  moving  infinitesi¬ 
mally  slowly.  Under  these  conditions,  an  equilibrium  is  established  between 
the  charge  density  on  the  surface  and  on  the  alkali  with  the  electrons 
occupying  the  lowest  available  energy  levels.  For  real  systems,  the  alkali  has  a 
finite  velocity  and  this  equilibrium  situation  cannot  be  maintained  at  all  points 
along  its  trajectory.  In  order  to  treat  such  a  system,  the  concept  of  a  “freezing 
distance”  s*  is  introduced  [134].  s*  is  the  distance  beyond  which  the  charge 
exchange  probability  becomes  negligible.  Equilibrium  is  possible  only  when 
the  broadened  £,'  overlaps  with  the  surface  valence  band.  If  a  true  equi¬ 
librium  situation  is  attained  along  the  outgoing  trajectory,  the  final  charge 
state  of  the  ion  bears  no  memory  of  its  initial  charge  state  or  charge  transfers 
in  the  close  encounter  [26,110,134].  The  measured  ion  fraction  of  the  scattered 
particles  therefore  reflects  the  equilibrium  charge  state  at  j*. 


E,'434ev 
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Fig.  35.  Energy  level  diagram  represeniiog  K  ‘  approaching  a  silicon  surface  The  discrete  4s 
energy  level  of  potassium  at  4.34  eV  is  broadened  dunng  the  approach  lo  the  surface  The  width 
of  the  4s  level  f  is  shown  for  the  cases  of  correspoading  to  angles  o  «  7°  and  14“.  The 
silicon  valence  band  (VB)  is  hatched  and  the  conduction  band  is  labeled  (CB).  The  portion  of  the 
broadened  K4s  level  that  overlaps  with  the  Si  valence  band  is  shaded.  With  permission  from  ref 

(135). 
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Fig.  36.  Neutral  TOF  spectra  from  clean  Si(IOO)  induced  by  4  keV  K  ‘  at  different  incidence 
angles  a  for  d  -  21"  along  the  (Oil)  azimuth.  With  permission  from  ref.  (1351. 


Fig.  35  shows  a  schematic  energy  level  diagram  for  K*  scattering  from  Si 
(135).  The  K  4s  level  at  4.34  eV  lies  above  |  £t  |  =  4.99  eV  for  Si.  At  large 
separation  there  can  be  no  charge  transfer  between  Si  and  K*.  The  broadening 
of  K4s  calculated  by  eq.  (28)  is  shown  for  two  values  of  incidence  angle  a  and 
therefore  two  values  of  perpendicular  take-off  velocity  from  the  surface.  Note 
that  at  a  =  14°,  overlap  of  K4s  with  the  valence  band  is  negligible  while  at 
a  =  7°  there  is  measurable  overlap.  Therefore,  it  is  expected  that  neutraliza¬ 
tion  is  more  significant  at  lower  values  of  o.  Fig.  36  shows  the  dependence  of 
the  neutral  scattering  spectra  of  K*  from  Si  as  a  function  of  incidence  angle  a. 
As  predicted,  the  neutral  K  scattering  decreases  from  a  =  7°  toa  =  16°. 

Aigra  et  al.  have  derived  an  expression  (26]  for  the  equilibrium  occupation 
n(s)  of  the  alkali  valence  level 

/t(s)  =  [arctg  2(-£t  +  £,)//’-  arctg  2(-£b  +  £j)/r]/rr,  (29) 

where  Eg  and  £j  are  the  bottom  and  top  of  the  surface  valence  band, 
respectively.  The  calculated  n(r)  curve  as  a  function  of  exit  velocity  of  the 
alkali  perpendicular  to  the  surface  is  shewn  in  fig.  37  along  with  experi¬ 
mental  ion  fractions  for  the  K/Si  system  at  scattering  angles  of  ^  =  21°  and 
33°.  For  any  given  scattering  angle  Yq  is  only  a  function  of  i\  .  as  predicted. 
However,  the  difference  in  Yg  as  a  function  of  0  indicates  that  a  second 
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Fig.  37.  Sc^t(«red  po(a.-i.sium  K(S)  neutral  fraction.^  plotted  aa  a  funclion  of  the  reciprocal  outgoing 
velocity  perpendicular  to  the  surface  (t\)  tor  two  scatteriog  angles  5-21°  and  3.3°  The 
multitude  of  points  at  each  8  are  obtained  by  using  several  primary  K  *  energies  f  The  curve 
represents  Ihe  probabiliis  of  occupation  of  the  potassium  4s  level  (n(s‘))  calculated  from  eq 
(29).  With  permission  from  ref.  |1 35) 


phenomenon,  most  likely  neutralization  in  the  close  encounter,  is  important  in 
the  overall  neutralization  process. 

5.8.  Charge  exchange  in  low  energy  atomic  and  molecular  ions 

Snowdon  et  al.  (136-138)  have  recently  reported  a  number  of  elegant 
experiments  on  charge  transfer  of  low  energy  (  <  1.5  keV)  atomic  and  molecu¬ 
lar  ions  upon  grazing  collisions  with  surfaces.  At  the  low  angles  of  incidence 
used  in  these  experiments.  E to  the  surface  is  small  and  in  the  range  of 
chemical  binding  energies.  The  small  E  makes  the  assumption  of  distinct 
binary  collisions  between  the  ion  and  surface  atoms  no  longer  valid.  In 
scattering  of  Si*  from  Cu(lll).  Snowdon  et  al.  (136)  observed  discrete  energy 
losses  in  the  scattered  positive  and  negative  ion  peaks.  They  attribute  this  to 
transient  adsorption  or  a  skipping  motion  of  the  ion  along  the  surface.  It  is 
proposed  that  at  the  low  perpendicular  velocities  of  the  ion,  the  charge 
equilibrium  between  the  ion  and  the  surface  is  nearly  adiabatic,  i.e.  the 
occupation  of  levels  in  the  projectile  approaches  that  corresponding  to  an 
adsorbed  atom  on  the  surface.  They  have  developed  a  theoretical  formalism  to 
describe  this  behavior  ( 1 37).  This  work  has  been  extended  to  polyatomic  ions 
(138).  In  O2*  and  COj*  scattering  from  Ag(lll)  production  of  and  COj" 
are  observed.  These  species  have  been  suggested  as  intermediates  (139)  in  the 
dissociative  adsorption  of  COj  and  O;  on  Ag,  supporting  the  adiabatic 
approximation  and  also  suggesting  that  this  technique  can  provide  a  probe  of 
intermediate  states  in  adsorption  and  reaction  at  surfaces. 
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6.  Reactions  of  energetic  ions  with  clean  surfaces 

A  basic  objective  of  reactive  ion  beam  induced  interactions  at  surfaces  has 
been  in  the  application  of  the  fundamental  steps  of  the  interactions  to 
alteration  of  surface  properties  and  in  controlling  surface  interactions  in 
hostile  environments.  Examples  of  the  former  include  preparation  of  films  that 
are  chemically  inert  and  corrosion  resistant,  surface  hardening  and  passivation 
(carbides,  nitrides),  preparation  of  catalytic  surfaces  that  are  reaction  specific, 
and  tuning  electronic  band  gaps  in  materials  (oxides).  Examples  of  interac¬ 
tions  in  hostile  environments  include  plasma  etching  and  p^'ocessing  of  materi¬ 
als  and  development  of  non-equilibrium  plasma  phenomena. 

The  fundamental  research  that  has  preceded  technology  involses  a  broad 
spectrum  of  ion  beam  surface  interactions.  For  convenience,  the  reactions 
have  been  divided  into  those  involving  atomic  ion  and  molecular  ion  beams. 

6.J.  Atomic  ton  beam  interactions  with  surfaces 

In  general,  measurements  of  ion  beam  interactions  with  clean  surfaces  are 
described  in  terms  of  “initial"  sticking  or  reaction  probabilities  (P,).  This 
requires  that  the  total  atomic  ion  flux  preceding  measurement  of  P,  be  kept 
suitably  small  to  ensure  that  the  measured  F,  reflects  true  gas  atom-lattice 
atom  interacuons.  A  typical  study  involves  exposing  a  well  defined  target 
surface  to  a  known  flux  of  reactive  ions  and  then  using  a  combination  of 
surface  and  gas-phase  analytical  tools  to  measure  the  fraction  of  primary  ions 
trapped  at  the  surface.  While  such  an  experiment  can  be  performed  with  a 
variety  of  species,  this  section  will  concern  itself  with  ..lose  species  which  have 
been  studied  in  most  detail,  namely  C,  N.  O,  F  and  alkali  atoms. 

6. 1. 1.  Reactions  of  low  energy  C  * ,  N  ' ,  O*  and  F  *  ions 

Reactions  of  3-300  eV  C*  ions  with  Ni(l]l)  [47],  Si(lOO),  and  polycrystal¬ 
line  Au  (140)  have  been  studied  recently.  For  the  C^/Ni(lll)  system,  experi¬ 
ments  have  been  carried  ou'  both  as  a  function  of  ion  energy  and  dose.  A 
stable  carbide  phase  of  the  deposit  is  formed  for  doses  of  -  2  x  10‘' 
atoms/cnr  at  all  £;  the  behavior  of  P,  versus  £  for  C*  is  shown  in  fig.  38.  P, 
is  highest  at  low  £  ( -  0.85)  and  decreases  fairly  lapidly  at  £  >  100  eV.  The 
behavior  of  P,  as  a  function  of  ion  fluence  for  20  cV  C*  is  illustrated  in  fig. 
39.  There  is  no  significant  variation  in  the  P^  for  fluences  corresponding  to  the 
surface  lattice  atom  density;  for  Ni  -  1.86  X  10’’  atoms/cm^.  Continued  C* 
exposure  to  surfaces  in  the  range  30-800  eV  results  in  formation  of  deposits 
that  highly  resemble  diamond.  This  aspect  is  discussed  in  greater  detail  in 
section  9. 

P,  data  for  the  0*/Ni(lll)  system  (47],  illustrated  in  figs.  38  and  39.  is 
qualitatively  similar  to  the  C  VNi(lll)  system.  However.  P,  remains  invariant 
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Fig.  38.  Vanauon  of  reaction  probability  P,  for  C"  and  O’  as  a  function  of  projectile  kinetic 
energ>  E  monitored  by  both  AF.5  and  XPS.  The  AliS  data  points  represent  P,  averaged  over 
several  independent  measurements.  With  permission  from  ref.  (47| 

even  for  £  >  60  eV  (fig.  38).  The  P,  of  20  eV  O"  as  a  function  of  O'^  fluence  is 
plotted  in  fig.  39  and  shows  a  gradual  decrease  in  the  reaction  probability  as 
the  O  adatom  coverage  increases. 

Nitridation  reactions  have  been  carried  out  by  0-100  eV  N  *  bombardment 
of  Mo  [34].  The  atom  capture  probability  or  reaction  cross  section  was  found 
to  be  nearly  independent  of  E.  Fig.  40  illustrates  this  feature  and  compares 
nitridation  efficiency  on  Mo  using  0-100  eV  N’  and  Nj*.  The  nitridation 
reaction  involving  N*.  N*/Mo  is  discussed  in  greater  detail  in  section  7.2. 


dOSORBATE  concentrations  U  IO'*  ATOMS  cm'^l 

Fig.  .VJ  Variation  of  reaction  probability  P,  for  20  cV  C  O' .  and  CO’  as  a  function  of  surface 
coverage.  With  permission  from  ref  (47). 
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Fig  40.  Nitrogen  KL^Lj  Auger  peak  intensity  in  the  surface  laser  of  polycry stalline  molybdenum 
as  a  function  of  impact  energy  for  mas.s  selected  beams  of  N  '  (square  points,  da.shed  curse)  and 
N;’  (round  points,  solid  curve)  Tlic  inset  shiisvs  similar  plots  for  N  *  at  losser  doses.  .All  curses 
are  qualitatise  fits  to  the  data  points.  With  permission  from  ref.  [34). 


Fluortnaiion  of  polybutadtene,  polystyrene,  and  polyacetylene  .surfaces  by 
means  of  1  keV  mass-selected  beams  of  (i)  F*.  (ii)  CF»* .  and  a  non-mass 
selected  beam  of  (iii)  CF„'  (n  =  0.  1.  2.  3)  has  been  studied  |141)  by  XPS.  The 
bonding  environment  of  fluorine  in  the  films  was  determined  from  the  C  Is 
XPS  chemical  shifts  and  the  fluoropolymer  film  thicknesses  determined  from 
XPS  intensity  ratios.  The  results  showed  that  -CHF-  and/or  -CF--  fluorine 
bonding  environments,  which  are  independent  of  the  type  of  unsaturated  sites 
in  the  target  polymer,  can  be  produced  by  selective  ion  bombardment.  The 
fluoropolymer  films  were  found  to  be  considerably  thinner  than  film  thick¬ 
nesses  predicted  by  ion  range  calculations,  due  to  electronic  stopping  mecha¬ 
nisms  associated  with  the  eactive  fluorine  atoms. 


6.1.2.  Reacnom  of  low  energy  alkali  atoms 

The  first  studies  of  the  chemical  aspects  of  atom-surface  interactions  in  the 
hyperthermal  range  are  tho.se  of  Hurkmans  et  al.  [59.60).  involving  the 
interaction  of  alkali  atoms  with  tungsten  surfaces  in  the  1-20  eV  range.  Fig.  41 
plots  the  trapping  factor,  P,.  for  K  atoms  on  W(llO);  P,  decreases  from  near 
unity  for  £  <  1  eV  to  zero  above  15  eV.  This  rather  dramatic  variation  in  the 
P,  with  £■  IS  in  contrast  to  the  more  gradual  changes  in  P,  observed  with  C 
and  O  atomic  inleraciions  Such  differences  can  be  understood  in  terms  of  the 
reaction  energetics,  the  exoergicity  of  C-Ni  interactions  being  more  than  three 
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Fig.  41.  Trapping  probability  of  K  atoms  by  W(llO)  as  a  function  of  incident  energy  for  seven 
different  angles  of  incidence  at  T,  *1150  K..  The  angle  of  incidence  is  measured  from  the 
surface  normal.  With  permission  from  ref.  (601. 


times  larger  relative  to  the  K-W  system: 

C  +  Ni  -  Ni-C.  JW=-7.3  eV.  (30) 

K  +  W  -  W-K.  ^W=-2.05  eV.  (31) 

P,  measurements  have  been  carried  out  for  the  K-  W  system  (60)  as  a 
function  of  the  incidence  angle  of  the  impinging  reactive  atoms.  The  atom 
capture  probability  is  highest  at  the  grazing  geometry  and  also  exhibits  a 
relatively  slower  decrease  with  particle  energy  at  these  angles.  This  observation 
can  be  explained  in  terms  of  the  higher  probability  for  trapping  a  particle  in  a 
potential  well  at  the  surface  at  large  angles  with  respect  to  the  surface  normal. 

The  trapping  phenomenon  for  the  K/W(]10)  system  was  approximated  by 
Los  and  co-workers  (60)  by  calculating  the  in-plane  trajectory  of  a  projectile 
scattered  from  a  diatomic  surface  molecule.  The  important  feature  observed 
was  the  conversion  of  tangential  momentum  to  normal  momentum  of  the 
projectile.  Two  interaction  patterns  were  identified  as  a  function  of  the 
incidence  angle.  At  grazing  incidotce,  many-body  effects  were  dominant, 
whereas  at  near  normal  incidence,  single  particle  interaction  was  found  to 
contribute  most  to  momentum  transfer.  The  attractive  interaction  between  the 
incoming  atom  and  a  surface  atom  was  modeled  by  a  square  well  potential  D 
that  is  merely  the  experimentally  measured  desorption  energy.  This  factor  was 
added  to  £  to  give  a  net  energy  E  +  D.  The  Born- Mayer  potential  was  used  to 
model  the  repulsive  interaction  between  projectile  and  surface.  Fig.  42  plots 


68 


S.R  Kasi  et  at.  /  tnetasHc  processes  in  taw-e'^'^’  ton  -  surface  collisions  6 1 


•n*rgy_  (*v) 

F\%.  42.  Companson  of  meatured  values  of  the  trapping  probability  for  K  on  W(IIO)  with  results 
of  the  trajectory  calculations,  as  a  function  of  energy  for  three  different  angles  of  incidence. 
Measurements:  (■)  S,  -lO*;  (O)  S, -50“  and  (•)  fl,  —  70“  Calculations:  The  corresponding 

curves  have  been  calculated  for  two  atomic  distances:  ( - )  /?,2  ■=  3.16  A  and  ( . ) 

f<i2  -  2.70  A.  With  permission  from  ref.  [60). 

the  trapping  yields  predicted  by  trajectoiy  calculations  along  with  the  experi¬ 
mental  data;  the  agreement  is  satisfactory. 

6.1.3.  Factors  affecting  reaction  probabilities 

It  IS  well  knowm  that  for  many  adsorbate/metal  substrate  combinations,  the 
presence  of  adsorbate  atoms  can  significantly  alter  the  reactivity  of  the  surface 
towards  certain  reactants.  Los  and  co-workers  [60]  have  extended  their  study 
of  0-30  eV  alkali  atom  interaction  with  W(llO)  by  examining  variations  in 
trapping  yields  for  oxygen  covered  W(llO).  Fig.  43  plots  the  trapping  p'^ob- 
ability  of  K  atoms  on  the  oxygen  covered  WfllO)  surface  for  a  number  of 
angles  of  incidence,  as  a  function  of  primary  energy.  By  comparing  this  data 
with  that  for  a  clean  W(llO)  surface  (fig.  41),  it  can  be  seen  that  oxygen 
adsorption  (0.5  ML)  causes  a  considerable  enhancement  in  the  trapping 
probabilities.  Such  an  effect  has  aisty  been  verified  for  other  alkali  atoms.  In 
addition  to  the  enhanced  trapping  effect,  an  increase  in  the  desorption  energy 
of  the  trapped  particle  was  observed.  The  enhancement  in  the  trapping 
probabilities  vas  explained  qualitatively  in  terms  of  mass  considerations  and 
relative  efficiency  of  energy  transfer  between  the  different  collision  partners, 
viz.  K/O  and  K/W. 

The  dissipation  of  energy,  necessary  for  adsorption  at  surfaces  is  generally 
discussed  in  terms  of  lattice  vibrational  excitations.  In  contrast,  the  role  of 
electronic  excitations  has  been  given  mainly  theoretical  consideration  [Ij. 
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Fig  43  Trapping  pruhahility  of  1C  atoms  scattered  b\  oxsgeii  covered  WdlO)  as  a  function 
of  incideni  energy  at  five  different  angles  of  incidence  7",  -  123(t  K,  With  permission  from 

ref  IhO) 


Recently,  direct  measurement  of  the  excitation  of  electron -hole  pairs  at  single 
crvstal  surfaces  by  the  scattering  of  ground  stale  Xc  atoms  over  the  range 
-  2-10  eV  has  been  reported  |142j.  This  represents  the  first  experimental 
ev  idence  for  the  nature  and  extent  of  pariicipaiion  of  electronic  exciiation.v  in 
hyperthermal  gas-  surface  interactions. 

In  order  to  derive  meaningful  mechanistic  information  regarding  the  inter¬ 
action  processes,  it  is  useful  to  isolate  physical  entrapment  phenomena  from 
chemical  trapping.  This  can  be  achieved  by  using  inert  gas  ion  beams.  When 
beams  of  rare-gas  ions  are  employed,  there  is  little  chemical  affinity  between 
the  beam  particles  and  the  lattice  atoms  In  such  cases  the  majority  of  the  ions 
diffuse  to  the  surface  and  escape  rather  than  remaining  in  the  shallow 
potential  welts  of  the  trapping  sites.  By  studying  those  ions  that  remain 
trapped  m  the  lattice,  one  can  gain  insight  into  the  relative  physical  trapping 
abilities  of  materials  and  the  available  trapping  .sites.  An  example  for  such  a 
reference  study  is  given  in  the  following  section 

6.J.  Molecular  ton  beam  inieraciions  n/r/i  surfaces 

The  chemisorption  behavior  of  molecules  at  thermal  energv,  range  from 
zero  sticking  probability  to  associative  or  dissociative  absorption.  Addition  of 
kinetic  energv  to  the  molecule  opens  a  number  of  new  interaction  channels. 
The  particle  translational  energy  can  he  dissipated  via  rotational  or  vibrational 
excitation,  molecular  tragmentation  and  subsequent  chemical  reaction  at  the 
target  surface. 
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6.2.  y.  Reactions  of  low  energy  homonuclear  diatomic  ions 

Winters  and  coworkers  have  measured  the  relative  fractions  of  incident 
ions  dissix:iatively  backscattcred  or  captured  versus  those  molecularly  back- 
scattered  for  N2/Mo  and  other  systems  (143].  In  subsequent  studies  [51.144], 
P,  and  saturation  coverages  of  nitrogen  for  N,' /W  at  several  impact  energies 
were  reported,  as  also  the  energy  transfer  from  the  ga.s-pha.se  molecule  to  the 
W  lattice  (145]. 

The  oxidation  of  lead  due  to  44  eV  Of  bombardment  of  Pb  to  high  doses 
was  shown  [146]  to  produce  an  oxide  layer  -  200  A  thick  due  to  a  diffusion 
effect.  A  study  of  Dj"  bombardment  of  Mo  [147]  showed  a  high  P,  {  >  0.8)  at 
low  doses,  but  also  an  accompanying  low  thermal  stability  (at  T  >  320  K)  of 
the  deuteride.  Cooks  and  co-workers  [148]  have  studied  the  reactions  of 
various  sulfur  containing  molecular  ions  with  lead  and  found  various  chemical 
states  of  the  reacted  lead  and  sulfur  depending  on  the  parent  ion  tvpe  and 
energy. 

Rabalais  and  ctvworkers  have  spectroscopically  characterized  reaction 
pr<xlucts  on  surfaces  resulting  from  the  interaction  of  500  eV  N."  beams  with 
surfaces  of  a  metal  M.  and  its  oxides  .MO  and  MO.  [149].  For  M  =  Si.  Ge  the 
N/  ions  were  found  to  undergo  charge  exchange  and  dissociation  at  the  target 
surface  to  form  hot  N  atoms,  producing  corresponding  nitrides.  No  nitrates  or 
nitrite  tormaiion  was  observable  from  XPS  measurements.  With  tin  and  its 
oxides,  reaction  was  barely  detectable,  while  no  reaction  was  observed  for 
M  =  Pb.  in  accord  with  known  instabilities  of  such  nitrides.  Similar  N.’ 
exposure  studies  have  al.so  been  performed  over  the  range  0,3  4.0  keV  on  ,AI 
(150] 

Ion  beam  nitridation  of  the  first  row  transition  metals  (Ti-Co)  has  been 
earned  out  over  the  range  0.2  3.0  keV  [149]  and  the  metal  2p  chemical  shifts 
in  the  XPS  for  the  nitrided  samples  found  to  decrease  to  the  right  across  the 
first  transition  row,  consistent  with  the  decreasing  enthalpy  of  formation  and 
stability  of  the  nitrides.  Isotopic  labeling  experiments  carried  out  by  1  keV 
bombardment  of  V  with  mixtures  follow'ed  bv  TDS  measurements 

showed  that  there  is  complete  isotopic  mixing  in  the  metal  nitride,  implying 
complete  dissociation  of  the  parent  molecule  in  the  collision  at  the  surface. 

The  nitridation  reactions  have  al.so  been  studied  under  more  controlled 
conditions.  0  50  eV  mass-selected  N2  beams  have  been  used  to  induce  nitride 
film  formation  on  Al,  Cu.  Mo.  Ni  and  Ag  [33],  The  efficiency  of  nitndation. 
monitored  by  KLiL.  nitrogen  AES  signal  inten.sity.  exhibits  a  large  E 
dependence  below  -  30  eV  as  shown  in  fig.  44.  The  threshold  impact  energy 
for  nitndation  vanes  for  the  different  metals;  it  is  nominally  zero  for  Al  and 
Ni,  -  4  eV  for  Mo.  >  0  for  Cu.  and  does  not  iKcur  at  all  at  anv  energy  below 
200  eV  for  ,Ag.  The  difference  in  the  ion  do.se  required  to  prexiuce  similar 
nitride  signals  on  various  metals  suggests  that  the  surface  electronic  structure 
plavs  an  important  role  in  the  reaction  probabilities.  Another  feature  of  the 
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Fig  44  N  KL;l.;  Auger  peak  iniemily  in  ihe  surface  layer  of  C'u.  Al.  Ni.  and  Mo  as  a  funtdon  of 
impact  energy  for  mass  sclectcd  beams  of  N/  and  N  '  (or  Mo  (from  ref  [34))  The  data  for  C'u 
has  sery  large  error  esiimales  due  lo  Ihe  weak  N  Kl-  .L_>  signaJs  from  the  small  amount  of  nilnde 
formed.  Wiih  permission  from  ref.  [33]. 


nitridation  reactions  is  that  plots  of  nitride  intensity  versus  E  exhibit  structure 
or  different  shapes  in  the  low  E  range  (fig.  44). 

N  ^  and  N,‘  interactions  with  polycry  stalline  Mo  have  been  studied  in 
detail  (34],  Nitridation  of  Mo  by  0-l(X)  eV  mass-selected  beams  of  N;  and 
N  '  produces  a  thin  film  of  the  nitride  on  the  surface.  The  relative  reaction 
probabilities  for  N'  and  N,*  have  been  investigated  (fig.  40).  Exposures  of 
1.37  X  10*'  and  6.83  x  10*'  atoms/cm^  are  shown  for  both  ions.  The  reaction 
probability  is  nearly  energy  independent  in  th=s  energy  range  for  N  ‘  and  is 
higher  than  the  probability  for  N/ .  for  £  <  30  eV.  The  nitiidation  by  N,' 
bombardment  does  not  occur  for  £  <  4  eV  due  to  the  necessity  for  collision 
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induced  dissociation  of  the  N,  molecule.  The  reaction  probability  for  the 
molecular  ion  surpasses  that  for  N '  at  £  *  30  eV  and  reaches  a  plateau  at 
-  100  eV. 

6.2.2  Chemical  effects  in  tow  energy  ion  beam  studies 

An  interesting  extension  to  the  nitridation  studies  is  the  study  of  the 
reactions  of  30-500  eV  N,"  and  NO*  beams  with  surfaces  of  carbonaceous 
materials,  where  a  range  of  chemical  reactivities  can  be  probed  by  using 
graphite,  diamond,  Teflon  and  graphite  monofluoride  as  the  primary  targets 
(151).  For  NO  ■ .  reaction  of  hot  N  and  O  atoms  pnxluced  in  the  collision  step 
with  graphite  produced  two  products,  a  cyanide  or  oxide  type  compound  and 
interstitial  N  or  O  atoms  between  the  layers  of  rings  or  at  defect  sites. 
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Fig.  45  Hell  pholoelectron  spectra  of  clean  Ni(lll)  and  CO*  bombarded  Ni(lll).  A  CO*  dose 
of  1  Ox  to''  ions  cm  ‘  was  used  at  kinetic  energies  of  3.  5.  7.  9.  11.  l.t,  and  20  eV.  The  two  peaks 
at  H  I  and  10  9  eV  correspond  to  ionization  of  the  (5o  +  l*r)  and  4o  MO's.  respectivelv.  of 
molecular  CO  on  the  surface.  The  peak  at  -  6  eV  corresponds  to  ionization  of  the  2p  AO  of  the 
oxide.  With  permission  from  ref  (47| 
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Reactions  of  N/  with  the  other  carbonaceous  materials  produced  only  a 
cyanide-type  compound.  Ion  kinetic  energy  in  the  range  30-3000  eV  served 
only  to  drive  the  ions  deeper  into  the  target  and  had  little  influence  on  the 
chemical  alteration  it.self. 

It  was  mentioned  previously  that  comparison  of  inert  gas  ion  and  active  ion 
interactions  allows  separation  of  chemical  trapping  and  physical  trapping 
effects.  Such  studies  have  been  carried  out  using  30  3000  eV  Ar '  and  Xe 
interactions  with  carbonaceous  materials  [152].  Implanted  rare  gases  from  a 
500  eV  beam  in  doses  of  —  1.5  x  10  -  A/cm^  could  be  detected  only  in 
graphite  and  graphite  monofluoride,  the  binding  energies  of  the  rare-gas  atoms 
indicating  entrapment  as  neutral  atoms  within  the  lattice.  Reduced  carbon 
species  were  formed  in  both  Teflon  and  graphite  monofluoride. 

More  recently,  some  interesting  chemical  dynamics  measurements  have 
been  carried  out  by  reacting  1-300  eV  CO*  with  Ni(lll)  [46,47].  CO,  in 
contrast  to  N,.  chemi.sorbs  associatively  on  Ni(lll)  at  room  temperature.  Fig. 
45  shows  the  evolution  of  UPS  spectra  for  Ni(lll)  surfaces  bombarded  by 
CO’  beams  of  different  E,  but  same  total  fluence.  For  £<7  eV.  the 
dominant  process  is  addition  of  molecular  CO  on  the  surface.  With  increasing 
E.  dissociative  addition  of  CO  occurs,  with  the  formation  of  in'^ividual  carbide 
and  oxide  bonds  to  the  surface  Ni  atoms.  Fig.  46  plots  the  corresponding 
variation  in  P^lCO  /Niflll)).  The  CO  dissociation  function,  although  not 
readily  apparent  from  fig.  46  because  of  the  logarithmic  £  scale,  increases 
almost  linearly  with  £  in  the  range  3-20  eV.  A  linear  lcast-.squares  fit  to  the 
data  provided  a  threshold  for  CO  bond  rupture  of  ~  2.7  eV.  This  value  is 
considerably  lower  than  the  bond  dissociation  energy  of  ground  state  CO 
(11.16  eV).  suggesting  that  a  significant  fraction  of  the  incident  CO’  flux  is 


Fig  46  Vanalion  of  reaction  probability  P,  for  CO’  a^  a  function  of  projectile  kinetic  energy  E 
monitored  hv  both  AES  and  XPS  With  permission  from  ref  (47) 
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REACTION  coordinate - - 

Fig  47.  Simplified  potential  energy  diagram  for  the  reaction  of  incoming  CO*  with  a  Niflll) 
surface.  Ground-state  neutral  CO  is  shown  as  the  /.cro-energy  reference  point.  Varicius  combina¬ 
tions  of  the  simplest  po.vsible  reaction  products,  along  with  their  reaction  enthalpies  relative  to 
Ni(s)  X-  CO(g).  are  shown  on  the  right-hand  side.  All  energies  are  in  eV  With  permis.sion  from  ref. 

|46|. 

neutralized  into  excited  states  (section  2.2)  which  would  have  lower  dissocia¬ 
tion  energies.  The  activation  barrier  is  also  a  strong  function  of  the  onentation 
of  the  molecular  axis  with  respect  to  the  surface  plane  during  collision.  The  2.7 
eV  energy  threshold  is  therefore  considered  as  an  averaged  factor  over  an 
ensemble  of  electronic  states  and  molecular  orientations.  Fig.  47  shows  a 
simplified  energy  diagram  for  the  reaction  of  CO*  with  Ni(l  1 1 ).  Ground-state 
neutral  CO  is  chosen  as  the  zero-energy  reference  point  Vanous  combinations 
of  the  simplest  possible  reaction  products,  along  with  their  relative  reaction 
enthalphies.  are  shown.  The  fact  that  P,  for  CO  /Ni(lll)  is  a  significant 
number  for  £  up  to  30  eV  indicates  an  activation  barrier  whose  height  ranges 
from  2.7  to  30  eV.  Such  a  wide  distribution  of  barrier  heights  is  a  consequence 
of  the  diverse  impact  geometries  and  electronic  states  accessible  in  molecular 
ion  interactions  with  surfaces. 

6.2  J.  I^w  energy  molecular  ion  reaction  dynamics 

The  energetics  for  molecular  CO  addition  and  desorption  can  be  qualita¬ 
tively  expressed  in  terms  of  a  simplified  potential  energy  diagram  shown  in  fig. 
48.  For  thermcil  energy  CO.  translational  energy  is  easily  dissipated  to  rota¬ 
tional  or  vibrational  motions  upon  impact  on  the  surface  leading  to  trapping 
in  the  upper  rovibronic  levels  of  the  CO/Ni  potential  well  (path  A)  When  £ 
is  of  the  order  of  a  few  eV,  the  excess  energy  remaining  after  collision  can  he 
significant  compared  to  the  CO/Ni  potential  well  depth,  favoring  CO  desorp¬ 
tion  over  chemisorption  (path  B).  This  explains  the  fart  that  £,  <  1  at  low  £. 
CO  dissociation  does  not  txicur  until  sufficient  energy  is  avaii.i ’ile  for 
surmounting  the  reaction  activation  barrier  (path  C).  Once  the  boirier  is 
overcome,  it  can  be  seen  from  fig  48  that  the  resulting  carbon  and  oxygen 
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F-'ig.  48.  Simplified  potential  energy  diagrams  for  Ni-CO,  NiC.  and  NiO  as  a  function  of  the 
Ni-X  ctxirdinate.  Ground  stale  CO(g).  C(s).  f);fg).  and  Ni(s)  are  chosen  as  the  zero  energy 
reference  point.  The  curves  are  fixed  at  the  equilibrium  Ni-X  distances  and  bond  energies, 
although  the  shapes  are  drawn  qualitatively.  The  observed  threshold  for  CO  dissociation  at  2.7  eV 
IS  indicated  as  £.  The  three  different  paths  represent  (A)  molecular  chemisorption  of  thermal 
CO.  (B)  scaltenng  of  hyperthermal  CO.  and  (C)  dissociation  of  high  energy  CO  With  permission 

from  ref  (47). 


alom.s  are  trapped  in  their  respective  potential  welLs  in  Ni-  C  and  Ni-O  bond 
formation. 

A  simple  quantum  mechanical  model  has  been  developed  |33]  to  describe 
chemical  reactions  of  low  energy  (£  s  30  eV)  beams  of  diatomic  homonuclear 
cations  X;  with  metal  surfaces  to  produce  binary  compounds  M„X^.  The 
overall  reaction  is  simulated  by  four  elementary  steps:  (1)  neutralization  of  the 
incoming  ion  (section  2.2),  (2)  impact  dissociation  of  X;,  (3)  de-excitation  and 
thermalization  of  X,  and  (4)  chemical  reaction  between  M  and  X.  The 
neutralization  process  is  treated  by  a  simplified  quantum  mechanical  proce¬ 
dure  involving  resonance  and  Auger  neutralization  probabilities  and 
Franck-Condon  and  HonI- London  factors  for  Xj  transitions  to  the  ground 
and  excited  states  and  rovibronic  levels  of  X^  The  probability  of  dissociation 
from  a  given  rovibronic  level  is  modeled  through  use  of  a  function  developed 
for  the  decomposition  of  gas-phase  polyatomic  molecules.  Model  calculations 
using  free  electron  and  modified  free  electron  bands  for  the  metal  and  various 
manifolds  of  electronic  and  vibronic  states  for  XC  and  Xj  are  presented  in 
that  work,  to  illustrate  the  sensitivity  of  the  model  to  individual  steps  in  the 
mechanism. 

7.  Beam-surface  reaction  kinetics 

7.1.  Kinetics  model 

In  order  to  model  the  surface  concentration  N{t)  (atoms  cm  ')  of  reacted 
beam  atoms  as  a  function  of  exposure  time,  it  is  necessary  to  define  the 
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maximum  number  of  surface  sites  per  unit  area  that  are  available  for 

reaction.  is  primarily  dependent  upon  the  mean  ion  penetratiim  depth 

and  hence  the  ion  impact  energy.  The  model  assumes  that  all  of  the  sites 
are  within  the  sampling  depth  of  the  analytical  technique  employed  for 
measurement  and,  hence  it  is  applicable  to  depth-integrated  elemental  analyses. 
Employing  a  rudimentary  concept  of  depth,  consider  that  there  are  two  guest 
atom  populations  in  the  host  lattice,  one  txrcupying  near-surface  sites  with 
concentration  .V,  =  .V|(f )  and  another  occupying  sub-surface  sites  with  con¬ 
centration  =  ^';(/).  Under  an  active  ion  flux  density  <P  (atoms  cm  '  s  ' ). 
atoms  are  captured  at  a  rate 

dA-,/dr  =  a,  0(.\,  -  N,).  (32) 

where  is  the  reaction-capture  cross-.section  (cm')  for  the  outer  sites.  A 
similar  expression  can  be  written  for  dN^/dr  using  and  iV,  Both 
and  are  averages  over  various  binding  sites  available  on  polycrystalline 
surfaces.  The  reacted  atoms  are  sputtered  by  the  incoming  atoms  at  rates 
dA/,/d/  =  -  (r|,4>/V|  and  dA/j/dr  =  ''nb  sputter  cross-sections  = 

0,  but  It  IS  carried  forward  for  symmetry  and  because  its  omission  does  not 
significantly  simplify  the  solution.  Also  note  that  o,,  and  o,.  include  all 
product  loss  mechanisms  including  the  reverse  reaction  to  liberate  N,  gas.  The 
impinging  ions  may  cause  transport  of  some  of  the  /V,  population  to  .V,  at  the 
rales  dS\/iii  =  and  d.V./dr  =  svith  o,-  being  the  beam-in¬ 

duced  A,  -*  A,  transport  cross-section.  Transport  in  the  .V,  -•  N,  direction 
also  may  <Kcur  by  similar  mechani.sms  but  is  probably  dominated  by  host 
lattice  sputtering  which  uncovers  .V,  atoms  so  that  they  become  part  of  ^V,. 
The  rates  dAf,/d/=  -0;i'fA(2  and  dAf,/d/ =  o,,0A’,  have  been  derived 
elsewhere  [153]  under  the  assumption  0,2  =  o,.  the  lattice  sputtering  cross-sec¬ 
tion.  Collecting  the  capture,  sputtering,  and  transport  rates  for  each  popula¬ 
tion,  the  overall  rates  are 


dA(,/df  =  o,,<P(,V,  -  A',)  -o,.<PA',  +  (33) 

d  A'./dr  =  02.<I>{  Aj  ~  A2 )  -  Oi.^PA',  —  +  o,2*I*A',.  (34) 

Impose  the  following  definitions. 
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Then  simplify  eqs.  (33)  i.nd  (34)  to 

d  A'l/dr  =  *- 1;,; A'l  +  0,1,.  (36) 

dA';/df  =  flijA',  +  <^20-  (37) 

These  coupled  equations  can  be  integrated,  yielding  the  solution  A'(  r )  =  A',  + 
A';.  Letting  the  initial  surface  concentrations  be  A(,„  and  A',,,,  the  solution  can 
be  expressed  as: 

A(r)  =  .4,  exp(a,/)  +  .4-  exp(«,/)  +  B.  (38) 

where 

®i  ;  ^  H( '^1 1  ~  "2:  )  ■'■ ‘^^i:^2i  1  •  (3^) 

and 

••^1.:  =  [(«!,:  "^22  +  ‘^2l)/"2l)<~l.2-  (40) 

with 

C,  2  =  ±  (rt)  -  ^2  )  '(‘^21^10  "  (“2.1  ~  ^^22  +  «2  l^'l  •  (41) 

and  w'ith 

F  =(  02i^iu  “  *^11^20 )( ^11^22  ~  ^21^12  ^  (42) 

Finally. 

F=[0|,|(0;|  ~022)+U2o(o,2~0,,)](o,|0  22~t22)0|2)  (43 ) 


Eq.  (38)  is  a  bi-exponential  "growth”  from  area!  concentration  A'  =  4,  /t, 

+  B  at  t  =  0  to  a  steady  state  A(  =  at  /  =  oc.  Growth  is  en-quoted  because 
4,  2  can  be  positive  or  negative  quantities,  corresponding  respectively,  to  the 
ca,se  in  which  sputtering  dominates  and  to  the  case  in  which  beam  atom 
capture  dominates.  Simplifications  occurring  in  some  physical  cases  include 
negligible  N,  -•  A',  transport  (o,,  =  0)or  negligible  A,  -♦  A',  transport  (a-,  =  0). 
either  of  which  lead  to  simplification  of  eq  (39)  for  o,  ,  (the  curvature 
constants  of  the  exponentials),  i.e,  the  apparent  cross-sections  denved  from 
experiment.  Setting  o, .  =  o.,  =  0  decouples  eqs.  (36)  and  (37)  to  give 

■\ ( 0  =  A’,  „  -1-  (  A,„  -  .V  )  e.xpf  -  (o„  +  o,  ] ,  (=1.2,  (44) 

where,  genencally, 

K  =  M  t=  oc)  =  A„,^.o^  /( a  +  oj.  (45) 

Allowance  for  the  existence  of  two  captured  beam  atom  populations  is 
intended  as  the  simplest  implementation  of  the  concept  of  depth  in  a  model 
that  otherwise  refers  only  to  concentrations  as  atoms  per  unit  area,  integrated 
over  depth.  By  this  structuring,  expressions  can  be  obtained  (in  the  no-capluie 
case  (153))  for  surface  concentrations  versus  fluence  that  have  the  same 
functional  form  as  Sigmund  ei  al.’s  (154)  expressions  (their  eqs  (32)  and  (33)). 
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Of  cx>urse,  the  detailed  meaning  of  those  expressions  differs  from  these  in  that 
they  use  a  relocation  cross-section  (155]  of  an  isotropic  form  (eq.  (27)  of  ref. 
(154))  while  these  use  the  coupling  to  allow  a  simple  kind  of 

inward/outward  transport  anisotropy.  Hovever,  these  do  not  consider  ex¬ 
plicitly  the  relocation  of  the  host  matnx  atoms  as  do  Sigmund  et  al.  In  general, 
that  model  is  more  rigorous  than  this  one  in  that  it  is  depth-explicit  raiher 
than  depth-averaged,  but  it  was  intended  for  higher  ion  impact  energies  than 
employed  here. 

7.2.  Reaction  of  and  N  *  with  molybdenum 

Gaseous  Nj  does  not  react  with  the  passivated  Mo  surface  used  in  this 
study  at  room  temperature.  The  beam-surface  reaction  was  driven  by  energy, 
both  potential  (ionic)  and  kinet’c.  supplied  by  the  acceierated  ion  bei’jn.  The 
reaction  mechanism  (33,34)  includes  neutralization  of  the  ion  lollowed  by 
collision-induced  dissociation  of  the  neutral  N,  with  subsequent  thermalization 
and  chemical  bonding  of  the  individual  atoms.  Of  course,  either  the  molecule 
or  Its  fragments  may  backscatter  and  hence  not  react,  and  product  loss  occurs 
through  self-sputtering  and  reverse  reaction  to  form  N,  gas.  Ion  neutralization 


Fig.  49.  Nitiogen  surface  concentration  versus  dose  for  1-100  eV  N;  botnbardmenl  of  Mo. 

With  pertTiis.sion  from  ref  (12| 
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controls  the  bond  strength  of  the  neutral  N,  via  known  processes  (33).  but  the 
collisional  dissociation  of  the  neutral,  es  well  as  the  penetration,  stopping  and 
bonding  of  the  beam  atoms,  and  the  corresponding  motions  of  the  host  matrix 
atoms  to  accommodate  this,  are  poorly  understood.  Experiments  to  directly 
probe  these  processes  have  not  yet  been  attempted,  and  computational  ap¬ 
proaches  are  difficult  because  of  the  strong  coupling  of  electronic  and  nuclear 
motions  in  these  events. 

Fig.  49  shows  the  surface  nitrogen  uptake  for  N^*  impact  on  Mo.  There  are 
two  distinct  nitrogen  uptake  regimes.  The  first  is  a  fast  initial  uptake,  that  is 
strongly  developed  for  i  >  10  eV.  The  second,  slower  uptake  is  encountered  at 
doses  higher  than  (3-  5)  x  10'*’  atoms/cm^.  Wirz  et  al.  [156J  have  described  a 
third  uptake  regime  associated  with  growth  of  bulk  nitride,  but  this  occurs  at 
higher  temperatures  and  doses,  not  encountered  in  the  former  work.  The 
concentration  versus  dose  plots  of  fig.  49  reach  a  plateau  at  high  doses  as  a 
steady  state  is  achieved  with  a  fast  capture/self-sputter  competition. 


0  '0  70  30  -10  so  100 


Impoct  Energy,  ^ 

Fig  50  C  ross  sections  obtained  by  filling  the  kineucs  model  to  the  concentrauon  versus  dose 
Clines  are  shown  for  the  high  dose  study  of  fig  49.  With  pemussion  from  ref  [32). 
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7 -V  Application  of  kinetics  model  to  .V,'  and  N  ’  reactions  mih  Mo 

The  major  re.solt  of  (he  kineiirs  invesiigaiion  i>  ihai  the  concentration 
versus  dose  curves  can  he  fitted  by  a  double-exponential  rate  law.  i  e..  one  that 
IS  the  sum  of  two  single-exponential  rale  laws  of  the  algebraic  forni  of  eq  (44). 
This  IS  in  contrast  to  previous  studies,  albeit  on  other  ion/  surface  combina¬ 
tions  [157  159).  in  which  a  single-exponential  rate  law  sufficed.  From  the 
results  of  analysis  within  a  double-exponential  rate  law.  reaction  cniss-section 
(a)  and  extent  of  reaction  (A')  values  can  be  obtained  for  different  E. 
Reaction  cross-sections  obtained  by  fitting  the  kinetics  model  to  the  con¬ 
centration  plot  of  fig.  49  are  shown  m  fig.  50.  The  cross-sections  are  remarka¬ 
bly  independent  of  energy  above  30  eV  for  N7  and  at  all  energies  for  N 
The  rise  from  the  assumed  zero  value  at  4  eV  threshold  for  N7  to  the  plateau 
around  30  eV  is  due  to  the  increased  efficiency  of  collisional  dissiKiatiim  with 
impact  energy 


8.  Desorption  induced  by  energetic  partic*?  bombardment 

A  general  overview  of  desorption  processes  tKcurring  under  energetic 
particle  bombardment  has  been  given  in  sectiim  2,4  hxperiments  and  model 
computations  designed  to  shed  light  on  "physical"  versus  "chemicar’  desorp¬ 
tion  processes  form  the  focus  of  this  section.  The  surface  under  consideration 
can  be  that  of  a  clean  metal  or  semiconductor,  an  eutectic  or  any  multipha.se 
alloy,  an  ordered  adsorbate  fover)  layer  on  a  single  crvstal  or  other  possibili¬ 
ties.  In  order  to  keep  the  discussion  tractable  the  ftKus  will  be  on  sputtering  of 
adsorbate  atoms  from  metal  substrates.  A  number  tT  excellent  reviews  have 
appeared  recently  [160- 162)  that  discuss  the  other  aspects  of  the  desorption  or 
sputtering  problem. 

H.  I .  Ehvsical  sputtennfi,  effects  of  ion  -surface  interactions 

When  energetic  particles  impact  on  a  surface,  transfer  of  energy  to  ad¬ 
sorbate  and  lattice  atoms  can  result  in  a  number  of  secondary  effects;  (1) 
adsorbate  and/or  lattice  auims  can  be  ejected  from  the  surface  by  a  direct 
knock-off.  (2)  the  primary  ion  can  impact  an  ad.sorbate  atom  after  reflection 
from  a  la'tice  atom  and  eject  the  former,  and  (3)  sputtered  lattice  atoms  can 
remove  adsorbate  atoms  during  their  outward  movement  at  the  surface.  Such 
pr(x;esses  have  been  grouped  together  as  physically  induced  desorption.  To 
eliminate  anv  complications  arising  from  use  of  reactive  ions  (section  8.3). 
most  of  the  work  on  these  momentum  transfer  pr(x;esses  has  involved  the  use 
of  inert  gas  ions. 

Sputtering  of  N,  chemi.sorbed  on  W  by  inert  gas  bombardment  has  been 
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0  100  200  300  400  500  600 

Ion  Energy  leVI 

Fig.  51.  Sputtering  yield  versus  ion  energy  for  inert  gas  sputtering  of  nitrogen  adsorbed  on  W  \  is 
the  secondary  etectron  ooefricieni.  With  permission  from  ref.  (163). 

reported  (52,163).  Fig.  51  shows  the  sputtering  yield  for  nitrogen  chemisorbed 
on  W,  using  different  inert  gas  ions  at  various  energies.  If  the  desorption 
proceeded  with  formation  of  molecular  nitrogen,  a  desorption  rate  propor¬ 
tional  to  the  square  of  the  surface  coverage  would  be  expected.  The  desorption 
yield  is  coverage  independent  at  low  surface  concentrations  suggesting  desorp¬ 
tion  of  the  nitrogen  as  atoms.  The  yield  is  found  to  increase  with  £  and  the 
mass  of  the  primary  ion  and  shows  some  interesting  features.  There  is  an 
apparent  energy  threshold  for  removal  of  nitrogen  for  all  the  projectile  ions 
investigated,  however,  the  yields  for  nitrogen  are  large  despite  the  high  binding 
energy  of  N  to  W.  This  latter  observation  is  consistent  with  preferential 
ejection  of  lighter  elements  in  the  sputtering  of  a  multicomponent  system  or 
the  “mass-effect  ’  (161).  The  behavi<»  was  explained  in  terms  of  direct  knock¬ 
off  and/or  reflected  primary  ion  impact,  steps  1  and  2  from  above. 

Molybdenum  nitride  films  formed  by  100  cV  Nj*  bombardment  to  satura¬ 
tion  of  polycrystalline  Mo  have  been  sputtered  to  high  fluences  by  normally 
incident  100  eV  Ar^  and  He*  and  15  eV  Ne’^  (153).  The  choice  of  sputter 
beam  parameters  was  based  on  the  fact  that  removal  of  nitrogen  was  by 
momentum  transfer:  (1)  100  eV  Ar’^  should  sputter  both  N  and  Mo  efficiently, 
(2)  100  eV  He*  should  sputter  N  preferentially,  and  (3)  15  eV  Ne*  represents 
a  sputter  threshold  case  and  should  only  remove  accessible  nitrogen.  The 
nitrogen  AES  si^  al  was  found  to  decay  exponentially  as  shown  in  fig.  52.  to 


82 


.S  /?  Ku.\i  t’l  a/  /  Inehi'^iK  pnn  v\m'\  m  low-envr\^\-  itm  \urtun’  iollisiiins 


Pig  52  Niindc  surface  c»>n».enuation  versus  in>hle  gas  ion  dose  for  15  Nc  ,  1(H)  eV  Me  ‘  and 
KKJ  eV  Af  ‘  sputtering  of  molybdenum  niiridc  lasers  formed  b\  100  cV  \  bombardment  of  Mo 

With  permission  from  ref  (15^) 


below  sputtering  levels  for  the  15  eV  Ne'  and  lOtt  e\  He’  cases  and 
bi-expr/nentially  to  near  bulk  contamination  levels  for  the  UX)  eV  Ar  ’  case. 
The  degree  of  nitrogen  desorption  for  the  three  ca.ses  is  in  agreement  with  a 
momentum  transfer  type  mechanism  for  the  sputtering.  A  two-layer  adapta¬ 
tion  of  the  standard  nuidel  for  adsorbate  monolayer  sputtering  was  u.sed  to 
model  the  kinetics. 

Taglauer  et  al.  1164|  have  reported  studies  of  the  desorption  of  S  from  Ni 
surfaces  with  inert  gas  ions  of  energy  in  the  200  1600  eV  range.  The 
experimental  results  were  compared  to  calculations  by  Winters  and  Sigmund 
and  with  numerical  model  calculations.  Agreement  was  found  in  the  depen¬ 
dence  of  the  desorption  cross-.seclion  (oj)  on  the  basic  parameters  and  the 
absolute  yields  agreed  within  an  order  of  magnitude. 

Ion  impact  desorption  of  oxygen  ( <  1  monolayer)  on  Ni  has  been  studied 
by  the  same  authors  (165)  by  He'  ion  scattering.  Desorption  cross-sections  for 
non-nomal  incidence  of  Ne ‘  and  He’  ions  with  E  in  the  500-1600  eV  range 
have  been  measured  and  compared  to  those  predicted  by  model  calculation' 
order  to  understand  the  influence  of  various  parameters  Calculai-'^ 
experiments  show  the  same  dependence  of  Oj  on  E.  i.e.  increases  .....  .  in 

the  given  range,  for  Ne  '  ions  and  that  there  is  a  slight  decrease  with  increasing 
E  for  He  '  ions  This  has  been  explained  in  terms  of  the  effective  contribution 
of  sputtered  Ni  atoms  to  O  desorption. 

Sputtering  of  carbon  from  thin  films  deposited  on  metal  substrates  using 
Ne  '  ions  at  E  as  low  as  1000  eV  has  been  reported  (166|.  The  sputtering  yield 
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ION  DOSE  («IO“loniW) 

Kig  53.  Plots  of  In  /,//„  versus  ion  dose  for  sputlenng  of  carbide  and  diamond  films  on  Nil  1 1 1 ) 
b\  20-300  eV  O  ' .  Ne  and  Ar  The  hatched  areas  drawn  parallel  to  the  dose  scale  labeled  (  .  B. 
and  A  for  the  diamond  film  indicates  the  dose  re^ons  in  which  the  (  KLI  line  shapes  are  those  of 
figs  68  (right)  (c)  and  (d),  (h).  and  (a),  respectively  Nsne  the  use  of  different  dose  scales  for 
different  films  With  permission  from  ref  |5l)) 


was  found  to  increase  fairly  rapidly  with  ion  energy.  Such  measurements  for 
carbon  have  been  extended  to  very  low  energies  and  under  well-controlled 
exposure  conditions  (50].  Fig.  53  plots  the  decay  in  the  carbon  KLI.  AHS 
intensiiy  for  20-300  eV  Ne',  Ar'.  and  O*  sputtering  of  a  carbide  overlayer 
and  a  diamond  film  on  Ni(lll).  The  efficiency  of  carbon  removal  increases 
with  E  for  the  inert  gas  ions  and  is  reflected  in  the  corresponding  sputtering 
cross-sections  listed  in  table  3. 


I  jhle  ? 

Spun«Ting  cross-wtionv  fs>f  carbide  and  diamond  film  surfaces  on  Nidll)  using  20.  75,  and  275 
oV  O'.  Ne  ‘ .  and  Ar  ‘  primary  ions  (from  ref  |^0|) 
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8.2.  Electronic  effects  and  model  calculations 

Physical  sputtering  of  the  p(2  x  2)  chemisorbed  oxide  phase  on  Ni(lll)  b_, 
bombardment  with  5-200  eV  Ne*  a'  noitnal  incidence  to  the  surface  has  been 
investigated  by  a  combination  of  techniques  (167],  Decreases  in  surface  oxygen 
as  a  function  of  Ne‘  ion  dose  were  monitored  by  AES  and  TOF-DR  using  a 
pulsed  grazing  Incidence  3  keV  Ar’  beam  (fig.  54).  Oxygen  removal  has  been 
observed  down  to  20  eV  and  is  ~  7  A'  (the  corresponding  sputtering  yield, 
S  =  0.43)  at  £  >  150  eV  The  desorption  of  O  for  £  <  120  eV  is  postulated  to 
be  mainly  by  direct  knock-off.  while  at  the  higher  energies  removal  is  mainly 
by  sputtered  Ni  atoms  moving  outward  through  the  surface  region.  The 
structure  in  the  experimental  versus  Ne*  £  data,  in  the  form  of  local 
maxima  and  minima,  cannot  be  explained  on  the  basis  of  a  binary  collision 
mode!  of  sputtering  (momentum  transfer),  where  a  smooth  dependence  of  Uj 
with  £  would  be  expected.  Electronic  sputtering  has  been  suggested  to  be  the 
ongin  of  the  structure,  and  the  actual  sputtering  mechanism  for  the  Ne*/NiO 
system  is  a  composite  of  momentum  transfer  and  electronic  sputtering  Elec¬ 
tronic  sputtering  takes  place  as  follows;  When  the  incoming  trajectory  brings 
it  near  an  oxygen  atom.  Auger  neutralization  of  Ne '  is  possible  by  electrons 
tunneling  from  the  oxygen  valence  band.  The  process  involves  an  O  2p 
electron  filling  the  Ne*  hole,  while  another  O  2p  electron  is  promoted  into 
either  the  conduction  band  or  vacuum  continuum  of  states  The  proce.ss  leases 
the  oxygen  atom  with  two  holes  it  its  valence  band,  consequently,  the 
originally  attractive  Madelung  potentials  become  repulsive,  and  desorption 
(Kcurs.  Similar  mechanisms  have  been  proposed  to  interpret  low  energy  ion 
induced  de.sorption  of  F  *  from  LiF  samples  (168),  A  second  possible  electronic 


ION  ENERGY  («v) 

Fig  54  Spullenng  eTos.s  ^lums  and  vicld-s  fur  5  200  eV  Ne  '  spullcnng  of  oxygen  from  ihe 
pf2  X  2)0  Nif  1 1 1 )  .surface  Tlie  solid  line  represents  sputiering  sield  S  calculated  from  the  Monte 
Carlo  Simulation  d  represents  the  typical  uncertainly  m  the  experimental  points  With  permission 

from  ref  It67) 
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Fig  fi.v  I  PS  (Hel)  and  FI  S  (100  eV)  spectra  for  (a)  annealed  (110)  Ti(),.  ih)  surface  of  (a) 
bombarded  bs  MKI  eV  Ar’  (solid  lines)  and  for  vacuum  fractured  Ti  ,C),  (dotted  lines),  and  (c) 
surface  of  ( h)  exposed  to  ID*  L  of  O..  WiOi  pemussion  from  ref  [  169) 


sputtering  route  involving  merging  of  Ne  and  O  AO’s  into  MO’s  of  a 
quasi-dutomic  molecule,  resulting  in  electron  transfer  processes,  has  a'so  been 
suggested. 

Some  interesting  electronic  effects  have  been  observed  in  low  £  lon-surface 
interactions,  especially  with  oxide  and  halide  surfaces.  Fig.  .“iS  shows  the 
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effects  of  Ar*’  bombardment  of  crystalline  TiO,  (169|.  Ar*  bombardment 
initially  amorphized  the  surface  (LBKD  pattern  disappeared)  \sithout  signifi¬ 
cant  removal  of  oxygen.  Additionally  an  extrinsic  surface  state  possibly 
involving  Ti’*  was  observed  in  the  UPS.  With  continued  bombardment  the 
energy  of  the  surface  state  shifted  with  concomitant  loss  of  oxygen.  The  final 
UPS  and  ELS  spectra  for  the  bombarded  surface  was  seen  to  be  very  similar 
to  those  of  vacuum-fractured  Ti  lO,.  Interestingly,  exposure  to  O;  was  seen  to 
restore  the  bombarded  surface  back  to  the  original  TiO,  surface. 

Theoretical  modeling  of  low  energy  inert  gas  ion  induced  desorption  has 
been  attempted  [163,165.167,170).  Monte  Carlo  procedures  have  been  used  to 
simulate  the  sputtering  of  adsorbate  layers.  A  modified  version  of  the  com¬ 
puter  program  MARLOW  [171)  has  been  used  [165]  to  model  the  removal  of 
sulfur  and  oxygen  adsorbed  on  Ni  by  bombardment  with  0.5  keV  Ne'  and 
He*.  A  modified  version  of  the  TRIMSP  code  [76]  has  been  used  to  simulate 
the  dc.sorption  of  O  from  Ni(l  1 1 )  by  5-200  eV  Ne*  bombardment  [167].  Both 
Monte  1  arlo  programs  simulate  desorption  by  calculating  manv  single-particle 
traject'  within  the  solid.  The  atoms  move  in  straight  line  segments, 
changing  heir  directions  in  binary  collisions  with  stationary  target  atoms 
placed  at  the  end  of  each  .segment,  the  scattering  angles  being  calculated  by  an 
analytical  method  based  on  the  Moliere  interatomic  potential.  A  major  limita¬ 
tion  of  the  models  is  that  the  many-body  aspects  of  low  energy  atom- atom 
interactions  are  neglected  1172]. 

fi.J.  Chemical  sputtering  effects  in  reactive  ion-surface  interactions 

Chemical  desorption  is  indicated  by  observation  of  a  sputtering  yield  with 
no  sharp  desorption  threshold  and  which  is  higher  than  for  other  ion/target 
combinations  of  similar  mass.  The  implantation  of  a  reactive  projectile  in  the 
target  matrix  is  believed  to  precede  chemical  bonding  and  product  desorption. 
This  subject  has  been  the  topic  of  several  recent  reviews  [5.6]  so  only  an 
overview  of  the  effect  will  be  given  here. 

S.3.1  A  tonne  ion  induced  desorption 

Fig.  56  shows  the  sputtering  yields  of  carbon  by  hydrogen  and  oxygen  ions 
as  a  function  of  the  target  temperature.  In  nearly  all  cases  the  sputtering  yield 
exhibits  a  temperature  dependent  maximum  between  720  and  920  K.  a 
behavior  typical  of  chemically  induced  erosion.  The  physical  sputtering  yield 
of  C  by  energetic  hydrogen  (fig.  56a)  is  -  10  ‘  atoms/ion  in  the  range 
100  1000  cV.  while  the  maximum  of  the  chemical  sputtering  yield  increases  to 
a  value  almost  10  '  aloms/ion.  The  temperature  dependence  of  chemical 
sputtenng  of  graphite  by  energetic  oxygen  is  shown  in  fig.  56b.  For  500  eV  O* 
ions  impinging  on  graphite,  a  monolonic  increase  in  the  sputtering  yield  was 
observed  with  increa.se  in  temperature  between  22  and  500 °U. 
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Fig-  56.  Erosion  yield  of  graphites  due  to  interaciu>n  with  hvdrogcn  and  oxygen  as  a  function  of 
temperature  (a-f.  i.  n)  measured  b>  change  in  weight  or  volume,  (g.  k.  j-m,  o.  p)  measured  by 
emission  of  CH4.  C.H-.  CO  or  CO;  The  shaded  areas  between  curves  a.  h,  and  j  indicate  the 
range  of  reaction  yields  for  different  incident  ion  energies.  Curves  1  and  the  higher  curses  g  are 
obtained  on  prism  planes,  curses  m  and  the  lower  curses  g  on  basal  planes  of  pyrolytic  graphite 
The  lower  curse  e  is  obtained  for  O,.  curve  o  for  H;0  attack  of  graphite  With  permission  from 

ref.  16). 

Sputtenng  of  graphite  has  also  been  carried  out  with  H.  D  and  He  10ns  with 
energies  in  the  range  20  1000  eV  |173).  At  room  temperature,  the  yield  curve 
for  He*  tons  decreases  with  energy  as  expected  for  physical  sputtenng.  For 
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and  D‘  ions,  however,  the  sputtering  yield  increased  with  decreasing 
energy  below  100  eV.  This  increase  has  been  correlated  with  detection  of 
desorbed  CH^  and  (.  D4  respectively. 

The  chemical  sputtering  behavior  of  an  element  is  dependent  on  its  chem¬ 
ical  environment.  Recently,  the  chemical  sputtering  of  sintered  diamond 
compacts,  a  diamond  film,  and  graphite  have  been  measured  as  a  function  of 
target  temperature  and  H;  ion  energy  1174],  Fig.  57  shows  the  energy 
dependence  of  the  chemical  sputtering  yields  (C/H)  of  the  carbon  surfaces. 
The  CH4,  Cj,  and  C,  hydrocarbon  production  yields  from  the  diamond 
compacts  are  significantly  lower  than  those  for  graphite.  Raman  spectroscopy 
showed  that  the  bombarded  surfaces  of  diamond  compacts  and  films  retained 
their  sp'  configuration,  whereas  the  bombarded  graphite  surface  was  trans¬ 
formed  into  microstructural  domains.  These  surface  structural  changes  have 
been  correlated  with  the  higher  erosion  yields  for  graphite.  Fig.  58  plots  the 
energy  dependence  of  Oj  for  bombardment  of  graphite  with  a  mass-analyzed 
beam  of  O',  C*  and  Ne'  ions.  Notice  the  high  value  for  the  sputtering  yield 
for  reactive  oxygen  bombardment,  while  sputter  removal  by  Ne'  shows  a  high 
£  threshold.  At  the  higher  £,  the  sputtering  yield  of  Ne'  approaches  that  of 
O '  suggesting  that  both  ions  induce  desorption  by  momentum  transfer. 
Similar  studies  of  carbon  desorption  from  a  carbide  and  diamond  films  on 
Ni(lll)  by  mass-analyzed  beams  of  O',  Ne'  and  Ar'  have  been  performed 
[50]  as  shown  in  fig.  53  and  table  3.  In  the  range  20-  300  eV.  O'  ions  exhibit 


incident  Enenjyot  H  (keV) 

f  ig  S7  Energy  dependencies  of  the  evaluated  chemicaJ  spullenng  yields  (C/Et)  of  C,.  C-.  and  C, 
hvdriKarbons  at  the  peak  temperature  With  permissioii  from  ref  [174] 
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Fig  58  Energy  dt^ndence  of  carbon  sputtering  with  O',  Ne*.  and  C '  ions  at  room  temper¬ 
ature  With  permission  from  ref  (6| 


an  energy  independent  sputtering  behavior,  in  contrast  to  the  >  W  eV 
threshold  observed  with  Ne^  and  Ar*  ions. 

Fig.  59  shows  the  energy  dependence  of  the  sputtering  cross-sections 
(yields)  of  p(2  x  2)  oxide  on  Ni(lll)  b\  (5-  2fK)  eV)  C*.  The  figure  illustrates 
in  a  very  dramatic  manner,  the  characteristics  of  chemical  sputtenng  in 
comparison  to  physical  sputtenng.  C '  bombardment  induced  removal  of  O 


20;— - -  -- 


ION  KINETIC  E  .t.RGY(eV) 

Fig  59  Osvgen  desorption  yield  as  a  function  of  projectile  energy  for  the  C  '  /NiO  and  Ne  ’/NiO 
ssstems  The  ossgen  is  adsorbed  a.s  a  p(2  x  2)  oxide  pha.se  Wiih  permission  from  ref  |48) 
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proceeds  very  efficiently  (S  =  1.0)  at  the  loue.st  energies  and  gradually  de¬ 
creases  with  C.  ultimately  reducing  to  the  momentum  transfer  limit  at 
£  >  100  eV.  Ne’  sputtenng  of  O  exhibits  a  significant  threshold  ( -  20  eV), 
implying  that  C*/NiO  interactions  are  completely  chemical  in  the  E  <  20-25 
eV  range. 

8.3.2.  Molecular  ion  induced  desorption 

An  interesting  aspiect  of  the  low  energy  chemical  spuitering  studies  is  the 
difference  in  the  sputtenng  yields  of  atomic  and  molecular  project. !e  ions  Foi 
the  reaction  of  hydrogen  at  £<1-2  eV  with  grapfiitc.  Gould  [1“5|  has 
observed  an  increase  in  Oj  by  orders  of  magnitude  upon  dissociation  of 
hydrogen  molecules.  Balooch  and  01ander(1761  have  reported  a  similar  result. 
For  the  reaction  of  graphite  with  oxygen,  a  similar  difference  in  the  desorption 
efficiencies  of  atomic  and  molecular  oxygen  has  been  observed  [177). 

Recently,  collisions  of  polyatomic  ions  like  pyrazine.  acetaldehyde,  etc.  with 
surfaces  of  stainless  steel.  Pt,  and  Ag  have  been  studied  using  a  mass 
spectrometer  (178).  The  incident  ion  was  found  to  abstract  a  hydrogen  atom 
from  the  surface,  although  pick-up  of  up  to  four  hydrogen  atoms  and/or  a 
methyl  group  was  observed  in  some  cases.  Interestingly,  with  very  few  excep¬ 
tions.  only  odd-electron  ions  were  found  to  undergo  reactive  ion-surface 
collisions,  consistent  with  the  thermochemical  stability  of  the  even-electron 
configuration. 

8.3.3.  Ion-assisted  desorption  >n  a  reactive  gas  environment 

Several  studies  have  investigated  chemical  sputtering  in  an  alternative  way. 
1  e.  by  men  ion  bombardment  in  a  .eaclive  gas  atmosphere  [179,180).  The  ion 
beam  provides  energy  for  atom  mobility  at  the  collision  site,  while  the  reactive 
gas  species  chemically  etch  the  surface  Table  4  shows  the  enhancement  of  the 
sputtenng  yield  of  Si  and  Si02  by  3  keV  Ar*  in  a  Cl  -  or  XeF;  atmosphere 
[i»lj.  The  chemicai  reactions  ihai  coniributc  to  the  trhing  process  are  also 
listed  along  with  the  reaction  exothermicities.  T  '  .lancement  factors  have 
been  explained  in  terms  of  an  etch  mechanism  analogous  to  that  of  Winters 


Tabic  4 

Enhancemem  of  ihc  spulicr  yield  in  ihe  presence  of  the  reactive  gas  compared  to  the  pure  physical 
sputter  yield  under  approximately  equal  expenmentaJ  conditions;  m  ihe  Iasi  column  the  exo 
ihermiciiv  of  reactions  which  take  place  m  the  collision  cascade  is  indicated  (from  ref  (1811) 


System 

Sputicr  yield 
cnhantirmcni 

Chemical  reaction 

SiO.lCI  j  .  Ar  ■  ) 

1 

Si  O  +  Cl 

-  Si-Cl -I- O  -  0.;  eV 

SiOOXef . .  Ar '  ) 

Si-0+  F 

•  Si  -  F  +  O  +  1  1  eV 

Si(CI ; .  Ar  ■  ) 

4 

Si -Si -H  I 

•  Si-CHSi-i  2  S  eV 

SifXeEj.  Ar  '  ; 

>  20 

Si-Si  +  f 

-•  Si-F -^Si  +  .)  7  eV 
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and  Coburn  (182);  adsorption  of  the  reactive  gas  is  followed  by  inert  gas 
promoted  atomic  mixing  and  product  formation,  and  finally  ejection  of  the 
product  complex. 

A  topic  of  debate  in  ion-assisted  etching  has  been  the  observation  that  a 
majority  of  products  have  kinetic  energy  higher  than  thermal  energy  but  much 
less  than  is  usually  observed  with  collisional  sputtering  processes  (183,184). 
Surface  kinetic  processes  with  residence  times  considerably  longer  than  the 
collision  cascade  relaxation  time  have  also  been  reported.  Recently,  this 
problem  has  been  studied  (185)  by  using  modulated  ion  beam  techniques  to 
measure  product  identity  and  kinetic  energy  in  ion-induced  sputtering  of 
GaAs  by  Cl  ^  at  room  temperature.  Modulated  ion  beams  of  1  keV  Nc  *  were 
used  to  etch  the  surface  in  the  presence  of  a  steady-state  flux  of  Cl,  with  a 
neutral/ion  flux  ratio  of  0-100.  The  major  product  species  detected  were 
GaCl  j  and  AsClj,  and  elemental  Ga  and  As.  CoUisionally  activated  formation 
of  products  and  desorption  of  the  products  during  the  relaxation  time  of  the 
collision  cascade  was  proposed  as  the  etch  mechanism 

8.4.  Mechanisms  for  energetic  reactive  particle  induced  desorption 

Chemical  sputtenng  is  a  multistep  process  wherein  the  final  step  is  forma¬ 
tion  of  a  volatile  molecule.  A  process  to  be  considered  with  adatoms  on 
surfaces  is  electronic  excitation  of  adsorbate  complexes  leading  to  desorption 


Fig  60  Schematic  diagram  of  the  potenlial  energies  for  the  adsorption  of  hydrogen  and  different 
hvdrocartxins  on  a  carbon  surface  With  permission  from  ref  (61 
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of  the  complex  as  ions  or  neutrals.  This  requires  a  pnmarx  excitation  to  a 
repulsive  p<rtential  curve,  by  which  conversion  from  electronic  excitation  to 
nuclear  motion  can  occur. 

qualitative  mechanism  has  been  proposed  [6]  for  the  reaction  of  hydrogen 
with  a  carbon  .surface  that  is  illustrated  in  fig  60.  Molecular  hydrogen  does 
i.'o  adsorb  on  a  carbon  surface,  whereas  atomic  hydrogen  is  strongly  bound 
The  hydrogen  atoms  adsorbed  may  then  react  svith  surface  carbon  atoms 
leading  to  the  final  formation  of  CH.,  and  acetylene  the  former 

product  desorbing  spontaneously  at  temperatures  above  50  K  on  account  of  its 
low  binding  energv  (0  2  eV).  These  steps  are  represented  by  curve-crossings  in 
the  potential  energy  diagram. 

A  similar  approach  has  been  adopted  to  the  reaction  of  C'  and  oxygen 
from  a  NiO  surface  to  form  gases'us  CO  [stKj.  The  reaction  has  tsso  intrinsic 
steps. 

C(g)  +  NiO(s)  NiCO(s),  J//=-H,43  eV.  (46) 

NiCO(s)  -  Ni(s) -1- CO(g).  JW=1.55  eV.  (47) 

Reaction  (46)  is  highly  exoergic  and  the  reaction  energy  released  is  comple¬ 
mented  by  the  C*  translational  and  inertial  energy.  The  resulting  energy 
released  upon  reaction  can  therefore  be  significantly  greater  than  8,42  eV  ar.d 
will  act  as  a  source  of  excitation  to  a  repulsive  potential  for  the  system, 
therebv  desorbing  the  CO  adduct  by  rupturing  the  relatively  weak  Ni-CO 
bond. 

Two  theoretical  models  of  surface  retictive  de-orption  processes  have  been 
given.  The  first  is  a  version  of  the  TRIM  computer  code  used  previously  in 
examining  Ne‘/NiO  interactions,  modified  to  include  a  bond  formation 
mechanism  [186)  while  the  second  is  a  stochastic  trajectory  calculation  ap¬ 
proach  that  incorporates  attractive  interatomic  potential  surfaces  [187], 

The  Monte  Carlo  trajectory  calculation  approach  (4’RIM)  has  been  used  to 
model  oxygen  removal  from  a  Ni(lll)  s>;rface  by  C'  bombardment  [48].  For 
simulation  of  the  momentum  transfer  contribution.  C  was  treated  as  a 
non-reactive  projectile  and  calculational  procedures  were  similar  to  those 
discussed  for  the  Ne/NiO  system  (section  8.2).  Simulation  of  chemical  de.sorp- 
tion  was  performed  by  inclusion  of  a  C-O  bond  formation  step  in  the 
computations.  Without  rigorously  incorporating  attractive  potential  functions, 
a  simplistic  representatir  t  is  made  of  the  bond  formation  by  assuming  that  a 
C  atom  moving  within  tue  range  of  the  CO  equihbnum  distance  from  an  O 
atom,  with  energy  sufficiently  low  to  be  trapped  in  the  domain,  will  combine 
with  that  O  atom  to  form  a  CO  molecule.  Fig.  61  plots  results  for  such 
calculation.s  for  a  range  of  (  '  energies  Contnbutmns  of  individual  physical 
sputienng  and  chemical  desorption  processes  as  calculated  bv  TRIM  arc 
shown,  as  also  the  calculated  total  Nputtenng  yield.  F,  m  the  figure  represents 
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Fig.  61  (a)  Comnbutions  of  individual  physical  spullenng  and  chemical  devirption  processes  for 
p(2x2)  NiO  calculated  hy  TRIMSP.  Sp).'  direct  knock-off.  Sp;.  substrate  spullenng,  S^,.  Syj,  and 
chemical  desorption  for  final  C  trapping  energies  (  £, )  of  5.  10.  and  20  eV,  respectively.  The 
doited  lines  below  20  eV  are  extrapolated  towards  unit  sputtering  yield  corresponding  to 
complete  C  and  O  recombination,  (b)  Cakulated  total  sputtenng  yields  and  experimental  data 


the  final  energy  in  the  collision  processes  below  which  the  C  atom  is  regarded 
as  a  trapped  species.  The  calculations  arc  in  good  agreement  with  experimental 
data  and  serve  to  emphasize  the  decreasing  importance  of  chemical  (potential) 
effects  at  higher  energies  on  account  of  increa.sing  ion  ranges  in  the  solid  and 
the  shorter  duration  of  the  attractive  interactions  between  a  projectile  atom 
and  an  adsorbate  atom. 

A  different  approach  based  on  stochastic  classical  trajectory  calculations 
focuses  on  the  dynamics  of  surface  recombination  processes  [187).  Thermal 
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energy  atomic  O  interaction  with  C  adsorbed  on  a  Pt(ni)  surface  has  been 
studied  by  this  methixi.  Sampling  was  done  using  512  trajectories.  497  of 
which  resulted  in  CO  formation  and  desorption  within  5  ps  bv  the  reaction 

0(g)  +  PtC(s) -CO(g)  +  Pi(s).  d//=-6.1eV.  (48) 

Only  4  trajectories  (  <  of  total)  corresponded  to  a  trapping  of  the  prtxiuct 
CO  molecule  on  the  Pi  surface.  Fig.  62  plots  the  total  energy  distribution  of 
the  de.sorbed  CO  molecule,  with  >  90'!)  of  the  heat  liberated  in  the  reaction 
(48)  being  retained  in  the  CO  molecule,  indicating  inefficient  energy  dissipa¬ 
tion  into  surface  and  bulk.  An  interesting  feature  of  the  energy  distribution  is 
the  lack  of  energy  loss  in  Pt-CO  bond  dissociation  (  -  1.2  eV).  Such  nonsiatis- 
tical  patterns  of  energy  distribution  could  be  due  to  preferential  excitation  of 
the  CO  molecule  and  could  provide  an  interesting  system  for  the  study  of 
surface  reaction  dynamics  via  state-specific  detection  of  desorbed  product 
molecules. 

Classical  trajectory  simulations  of  atom  and  molecule  ejection  during  low 
energy  reactive  ion  bombardment  have  also  been  carried  out  for  the  Cu/(  <  200 
eV)  O'  system  (75).  The  effect  of  adding  an  attractive  part  to  the  interaction 
potential  on  the  spu‘*ering  was  examined.  The  attractive  part,  essentially  a 
Morse  function  was  found  to  have  no  effect  on  atom  ejection.  However,  O* 
bombardment  was  fou.nd  to  result  in  relatively  high  yields  of  Cu,  molecules 
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Fig.  62  Dislrihuimn  of  lolal  energy  (iranslalion  plu'  vibration  plu.s  rotation)  in  ihe  pnxjucl  CO 
molecule  computed  for  an  O  atom  incident  with  E  -  0.087  eV  Solid  lines,  surface  temperature  =  0 
K  Hashed  lines,  surface  temperature  =■  .'00  K  With  permission  from  ref  [ISi] 
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and  for  E  <  100  eV.  Cu(J  molecules  were  formed  between  surface  Cu  and 
primary  O*. 

Finally,  it  is  useful  to  discuss  the  relative  desorption  efficiencies  of  thermal 
energy  molecules  versus  thermal  or  energetic  atoms/ions.  It  has  been  reported 
[48]  that  low  energy  (1-100  eV)  O*  ions  remove  surface  carbonyl  from  NiCO, 
and  carbon  from  NiC  more  efficiently  than  thermal  energy  oxygen  molecules. 
Fig.  63  shows  a  schematic  of  a  simplified  potential  energy  diagram  for  the 
O/NiCO,  0;/NiC0,  O/NiC.  and  Oj/NiC  systems.  CO  removal  by  O, 
proceeds  by  the  Langmuir- Hinshelwood  mechanism  1188)  in  which  dissocia¬ 
tion  of  O;  and  subsequent  chemisorption  of  the  oxygen  atoms  has  to  precede 
the  chemical  interaction  between  an  oxygen  atom  and  a  CO  molecule.  The 
barrier  to  C  and  O  recombination  inhibits  the  reaction  rate  in  this  mechanism. 
In  contrast,  atomic  oxygen  (thermal  or  energetic)  removes  surface  CO  by  the 
Rideal-Eley  mechanism  [1881,  't*  svhich  the  interaction  between  the  gas-phase 
species  and  the  surface  complex  is  a  direct  one.  without  an  intermediate 
ad.sorption  step  for  the  gas-pbase  atom.  This  is  represented  in  the  potential 
energy  diagram  of  fig.  63,  where  an  incoming  oxygen  atom  can  react  with  CO 
to  form  a  CO,  adduct  that  has  a  very  shallow  binding  potential  and  so  can 
eisily  escape  from  the  surface  with  the  excess  energy  available  from  the  CO, 
fcrmalion  reaction.  The  removal  of  NiC  by  O2  or  O  follows  an  identical 
m<xhanistic  route  as  above. 
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Fig.  6.t.  Reaccion  ctsirjmaie  diagrams  for  Ihe  (a)  t  and  ()  recomhinaiion  and  (b|  f)  and  CO 
recombination  rcactii’n..  Potential  energies  of  reactants  and  products  arc  drawn  to  scale,  however 
the  £'|  H  barrier  heights  are  arbitrary.  The  desorption  products.  Ni(s)  +  CO(g)  and  Ni(s)  +  CO,(g), 
are  chosen  a.s  the  aero  potential  energy  references  in  (a)  and  (b),  respecuvely.  With  permission 

from  ref  |48|. 
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9.  Thin  film  deposition  by  low  energy  reactive  ion  bombardment 

Many  thin  film  deposition  techniques  involve  some  form  of  energetic 
bombardment  of  the  growing  matrix.  It  is  now  an  established  fact  that  the 
nature  of  the  bombarding  particle  and  its  primary  energy  influence  different 
film  characteristics.  As  such,  energetic  particle  bombardment  includes  plasma 
systems  [8],  dual  beam  sputtering  [189],  ionized  cluster  beam  deposition 
(ICBD)  [190],  and  mass-selected  ion  beams  (MSIBD)  [191].  The  MSIBD  offers 
the  greatest  control  of  the  various  parameters  and  can  therefore  provide  the 
most  insight  into  film  growth  phenomena  on  an  atomic  scale. 

9.1.  Homonucleation  studies  by  mass-selected  ion  beam  deposition  (MSIBD) 

Perhaps  the  simplest  examples  of  low  energy  ( <  100  eV)  reactive  bombard¬ 
ment  based  film  growth  are  those  in  which  the  surface  and  beam  atoms  are  the 
same  chemical  element.  For  £  <  100  eV  deposition  occurs  efficiently  but  as  E 
increases  self-sputtering  becomes  an  important  phenomenon.  Depending  on 
the  sputter-deposition  ratio  a  steady-state  situation  or  a  Cv^ntinuously  rei  eding 
surface  layer  of  the  substrate  may  be  achieved.  The  advantage  of  using 
mass-analyzed,  low  energy  ions  to  “deposit”  films  lies  in  the  precise  control 
over  the  ion  type,  flux,  energy,  and  spatial  profile  of  the  impinging  flux.  Films 
can  be  grown  with  excellent  isotopic  composition,  accurate  thickness,  and 
uniformity.  Additionally,  the  methodology  is  ideally  suited  for  parametric 
investigations  of  film  growth  processes  [192]. 

Freeman  [193]  in  1976  described  the  adaptation  of  a  laboratory-scale 
isotope  separator  for  epitaxial  growth  of  silicon  by  deposition  of  Si*  ions 
retarded  to  low  energy  on  to  heated  wafers  of  single-crystal  silicon.  Such 
behavior  is  expected  from  thermodynamic  considerations  and  from  the  vapor- 
phase  behavior  of  crystalline  silicon.  The  epitaxial  growth  has  been  indepen¬ 
dently  verified  [194]. 

MSIBD  of  the  semiconductor  materials  Si  and  Ge  has  been  demonstrated 
recently  in  the  range  40-200  eV  on  Si(lOO)  and  Ge  [195].  Ge  and  Si  layers  that 
were  perfectly  continuous,  had  good  thickness  uniformity,  and  exhibited  a 
sharp  film-substrate  interface  were  formed  from  ion  doses  of  (1-2)  X  10''’ 
atoms/cm^. 

Epitaxial  synthesis  of  diamr  '  '  MSIBD  of  low  energy  carbon  ions  has 
been  reported  [196].  An  intent  .  metric  micrograph  of  such  an  epitaxial 
deposit,  containing  some  large  carbonaceous  inclusions  is  shown  in  fig.  64. 
The  photograph  illustrates  the  continuous  correlation  between  the  deposited 
film  and  the  substrate.  Reproducible  crystalline  growth  up  to  10  /xm  in 
thickness  and  several  mm^  in  area  has  been  observed  for  900  eV  C*  deposition 
on  both  natural  and  polished  diamond  substrates.  In  addition,  three  different 
forms  of  carbon  have  been  observed. 
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Fig.  64.  Interferometric  micrograph  of  an  epitaxial  carbon  deposit  containing  inclusions  on  a 
polished  diamond  plaque.  With  permission  from  ref.  [196). 


9.2.  Heteronudeation  studies  by  MSIBD 

Deposition  of  particles  on  a  chemically  different  substrate  is  chemically  and 
physically  more  complex.  Consideration  must  be  given  to  the  possibility  of 
formation  of  binary  phases,  preferential  substrate  sputtering,  segregation 
phenomena,  and  phase  changes  associated  with  the  film  itself.  These  processes 
compete  with  the  growth  of  the  described  film  and  the  relative  efficiencies  are 
dependent  on  deposition  parameters  .such  as  ion  energy,  ion  type,  ion  flux, 
presence/absence  of  fast  neutrals  in  the  projectile  beam,  vacuum  conditions  in 
the  deposition  chamber,  substrate  type,  and  temperature.  Efficient  film  deposi¬ 
tion  is  possible  only  by  performing  parametric  investigations  of  the  film 
growth. 

Thomas  et  al.  [197]  have  coined  the  term  ion  beam  “epiplantation”  for 
MISBD  and  have  carried  out  deposition  of  thin  films  of  Ag  and  Ge  on  Si(lll) 
by  this  method.  For  both  systems,  epitaxial  growth  was  achieved  at  tempera¬ 
tures  (230-350 °C)  lower  than  encountered  in  chemical  vapor  deposition 
(CVD).  In  conjunction  with  the  film  deposition,  sticking  probability  measure¬ 
ments  have  been  made  for  25-125  eV  Ag*  and  25-300  eV  Ge’  and  are  shown 
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Fig.  65.  Measured  sticking  probability  of  Ag*  on  its  oivn  lattice  as  a  function  of  the  deposition 
energy  and  simulations  of  the  sticking  probability  from  the  MARLOWE  calculations.  Witii 

permission  from  ref.  [1971. 


in  figs.  63  and  66,  respectively.  In  both  cases  S  drops  from  near  unity  at  the 
lowest  E  to  near  zero  at  the  higher  E.  Growth  of  the  crystalline  films  was 
explained  n  terms  of  localized  hot  spots  generated  by  the  energetic  projectile 
atoms,  i.e.  the  thermal  spike  model  (198].  Other  systems  have  been  :>tudied  by 
MSIBD.  Pb  and  Mg  films  have  been  gro%/n  by  MSIBD  in  UHV  [199].  Fig.  67 
shows  a  series  of  electron  diffraction  patterns  obtained  from  lead  deposits  on 
either  a  carbon  film  or  NaCl.  The  crystallinity  of  the  film  had  an  £  depen¬ 
dence;  for  low  E  an  amorphous  or  polycrystalline  structure  resulted,  while  for 
£  «  120  eV,  a  definite  orientation  was  observed. 


Fig.  66.  Mea-iured  .slicking  probability  of  Ge*  a.s  a  function  of  the  deposiiion  energy.  MARLOWE 
calculations  for  Geflll)  and  “amorphous"  Ge  are  included  for  comparison.  With  permittsion 

from  ref.  [1971. 
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Fig.  67.  Electron  diffraction  patterns  of  lead  deposits  on  (a),  (c)  carbon  film  or  (b),  (d)  NaCI:  (a), 
(b)  incident  energy.  48  eV;  (c),  (d)  incident  energy,  121  eV.  With  permission  from  ref.  1199). 


MSIBD  has  been  used  recently  |200]  to  enhance  doping  efficiency  during 
growth  of  Ill-V  compound  semiconductor  films.  Traditionally.  MBE  tech¬ 
niques  have  been  used  in  doping  procedures  but  suffer  from  very  low  sticking 
probabilities  for  the  dopant  (group  V)  atoms.  By  supplying  the  dopant  atoms 
by  MSIBD  methods,  and  combining  it  with  MBE  deposition  of  Group  III 
atoms,  enhanced  sticking  efficiencies  have  been  obtained.  Single-crystal  GaAs 
films  have  been  grown  by  this  approach  at  substrate  temperatures  of 
220-550° C,  using  As*  ions  of  l(K)-200  eV, 

Recently,  there  has  been  widespread  interest  in  deposition  of  carbon  films 
that  have  properties  identical  to  tho.se  of  diamond  [50.189.192.201.202].  Chai- 
kovskii  et  al.  [202]  have  used  30-100  eV  C‘  beams  to  deposit  polycrystalline 
diamond  films  on  a  variety  of  substrates  maintained  at  25  50'’C'.  The  phase 
composition  of  the  films  was  observed  to  be  very  sensitive  to  the  presence  of 
neutrals  in  the  beam,  graphitization  becoming  a  severe  problem  with  the 
presence  of  neutrals.  Electron  diffraction.  AES  and  other  techniques  were  used 
to  identify  the  diamond  phase. 

Miyazawa  et  al.  [203]  and  Anttilla  et  al.  [204]  have  also  reported  deposition 
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of  diamond-like  coatings  using  MSIBD.  The  coatings  were  amorphous,  but 
had  good  adhesion  and  mechanical  properties.  Anttilla  et  al  (204)  have 
compared  the  properties  of  coatings  made  from  C  ‘  and  various  other  hydro¬ 
carbon  ion  beams.  The  films  prepared  from  hydrocarbon  ions  uniformly 
e.shibited  brittleness  and  poor  adhesion. 

C  omprehensive  surface  spectroscopic  characterization  of  low  energy  MSIBD 
of  diamond  film  growth  has  been  provided  by  Kasi  et  al.  (50.192.20I.205|.  The 
first  priKif  for  chemical  bonding  of  these  films  was  obtained  from  AES.  ELS. 
and  ILS  data  Fig.  68  (right)  shows  C  KLL  AES  signatures  for  .^0  180  eV  C‘ 
depo.sition  on  Ni(lll).  Initial  carbon  dcfxisition  results  in  the  formation  of  a 
subsurface  carbide  layer  (fig.  68  (right,  a))  that  transforms  with  continued 
carbon  exposure  into  a  graphitic  (fig.  68  (right,  c))  and  finally  a  diamond  film 
structure  (inset,  fig.  68  (right)].  Similar  evolutionary  details  ha\e  been  mapped 


ELECTRON  ENERGY  LOSS  [eV]  ELECTRON  KINETIC  ENERGY  [eV] 


Fig  f>».  Rigtil  panel  F.volulion  of  ihe  AFS  line  shape  from  (a)  carbidic  to  (d)  e-beam  damaged 
diamond  for  75  eV  C  '  deposition  on  Ni  The  dose6  are  as  follows;  (a)  2.0  x  lo",  (b)  6  x  lO”,  (c) 
9xlo''.  and  (d)  >2x10“'  ions/tm‘  The  inset  shows  a  spectrum  obtained  with  minimal 
electron  beam  exposure  at  Ihe  final  stage  l  eft  panel:  ELi>  spectra  of  (a)  clean  Ni  and  the  same 
surface  after  exposure  to  (b)  1  x  lo”.  (c)  5  x  lO”,  (d)  7  x  10”,  (e)  9  x  lO”,  and  (f)  7  x  to''’  C  ' 
lons/cm^  at  75  eV .  The  electron  beam  energy  was  350  eV.  With  permission  from  ref.  [192] 
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ION  ENERGY  [ev) 


1  ig  64  C  arbon  phase  iransformalions  as  a  function  of  ion  energy  and  flucnce.  Regions  A  B,  and 
C'  correspond  lo  CKLL  AES  signatures  of  (a),  (bt.  and  (c)  of  fig  68  (nght)  With  permission  from 

ref  1 50) 


out  using  ELS  [fig  68  (left)).  ELS  and  C  Is  XPS  data  confirm  the  absence  uf 
TT-bonding  in  the  films,  and  the  energy  loss  suffered  in  exciting  a  bulk  plasmon 
in  the  film  matched  that  of  natural  diamond.  Epitaxial  growth  has  been 
venfied  by  XRD  for  room  temperature  C '  deposition  on  Si(  100)  and  TEM 
studies  indicate  that  the  film  is  composed  of  microcrystalline  deposits  of  -  50 
A.  Parametric  investigations  of  the  effect  of  C  ’  energy  and  dose  have  been 
earned  out  (50)  and  the  ideal  energy  range  for  diamond  deposition  reported  to 
be  30-180  eV.  Fig.  69  shows  the  energy -fluence  dependence  of  the  carbon 
phase  transformations  (fig.  68)  for  room  temperature  C*  deposition  on  Ni(l  1 1 ). 
For  £  =  30-180  eV  efficient  chemical  rearrangement  of  the  carbon  deposits 
cKcurs  and  diamond  formatiem  occurs  fastest  For  £  <  .30  '•V.  the  phase 
transformation  dt>es  not  prcxreed  to  the  diamond  structural  stage,  and  high- 
liehts  the  important  role  of  enerRv  in  low  energy  MSIBD.  For  £  >  180  eV' 
radiation  effects  in  the  form  of  lattice  displacements  and  onset  of  self-sputter- 
ing  become  imponant.  and  when  combined  with  increased  ion  range  and 
straggling,  necessitates  higher  doses  to  attain  a  final  diamond  structure  in  the 
AES.  Lattice  damage  effects  can  be  sometimes  annealed  out  by  maintaining 
the  substrate  to  be  coated  at  a  high  temperature  during  deposition.  Freeman  et 
al.  ii96]  obtained  crystalline  diamond  films  for  900  eV  C'  deposition  on 
diamond  substrates  maintained  at  -  700  °C 

Radiation  induced  segregation  is  a  common  phenomenon  in  multicompo¬ 
nent  systems.  For  thin  films,  outward  diffusion  of  'he  substrate  or  diffusion  of 
the  film  matenal  into  the  substrate  lattice  under  the  influence  of  energetic 
radiation  is  to  be  taken  into  account  in  formulating  an  efficient  deposition 
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scheme  For  150  cV  C'/Ni,  Kasi  et  al.  (SO)  have  exammeii  possible  diffusion 
effects  by  3  keV  Ar‘  inert  gas  depth  profiling.  Fie  70  shows  ihe  spuiler  depth 
profile  data  for  the  system  and  no  segregation  effects  are  evident  A  sharp 
film-substrate  interface  characterizes  the  low  energy  MSIRD  scheme 

It  IS  clear  from  the  many  examples  available  in  literature  that  film  grovsth 
bv  MSIBD  has  numerous  advantages.  Systems  which  have  been  studied 
include.  C'r  (2061.  Zn  (2071.  Pb  (2081.  and  cuHc  BN  (2091 

93.  Ion -assisted  deposition  flAD)  of  thin  films 


In  section  8.3.3  reference  was  made  to  the  possibility  of  sputter  removing 
surface  material  chemically  using  a  beam  of  inert  gas  ions  in  a  reactive  gas 
atmosphere  In  a  similar  manner  the  simultaneous  impact  of  energetic  inert 
gas  ions  and  thermal  reactive  atoms  at  a  surface  can  be  used  to  form  thin  films 
of  the  reactive  atoms  on  the  surface.  Such  a  deposition  arrangement  is  called 
lon-assisted  deposition  (I AD)  wherein  the  inert  gas  ions  provide  local  activa¬ 
tion  energy  for  chemical  rearrangement.  Parameters  important  to  fibr.  growth 
and  properties  include  ion  energy  and  ion/vapor  flux  ratio  [189] 

Results  of  lAD  of  Cu  films  have  been  recently  reported  (2101  The  effect  of 
ion  bombardment  on  the  crystallographic  texture,  microhardness,  crystallite 
size,  and  resistivity  of  the  thick  Cu  films  was  seen  to  be  very  different  at  high 
energy  (600  eV)  as  opposed  to  low  energy  (62  eV).  Larger  crystallite  sizes  and 
consequently  lower  resistivities  were  observed  for  lower  E  The  microhardness 
was  higher  for  600  eV  Ar*  lAD.  The  ie.>u'.U  have  been  inte'rire’ed  in  terms  of 
increased  Ar  incorporation  and  lattice  damage  at  the  higher  E.  These  studies 
emphasize  the  importance  of  ion  E  in  the  deposition  process 
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*).4  Theorciinil  formulaiion  nf  energetic  parttcle  deposition 

Simulation  of  film  growth  process  has  been  performed  using  different 
classical  approaches  to  develop  an  understanding  of  the  mechanisms  of 
MSIBD  and  lAD 

Thomas  et  al  [I'^’^J  used  a  modified  version  of  the  program  MARl.OWE-lO 
[171.211]  concentrating  on  two  specific  aspects  of  the  “epiplantation”  proce¬ 
dure.  (i)  the  increase  in  concentration  of  the  primary  ions  on  the  surface  or  in 
the  near  surface  region  and  (ii)  creation  of  damage  in  the  crystal  via  atomic 
displacements  initiated  by  the  primary  ions.  The  model  was  briefly  described 
in  section  8  1  The  important  parameter  is  E:  its  dissipation  creates  lattice 
damage  that  is  governed  by  a  number  of  adjustable  parameters;  T'*  -  the  hulk 
displacement  energy.  E^  -  bulk  binding  energy.  E'  the  minimum  energy  a 
moving  atom  can  possess  before  it  is  trapped  in  the  lattice,  and  E'  surface 
displacement  energy  for  an  atom  with  a  velocity  component  directed  outward 
from  the  crystal  surface.  Figs.  65  and  66  show  the  predictive  capabilities  of  the 
simulation  procedure  when  applied  to  low  energy  MSIBD.  While  the  agree¬ 
ment  IS  satisfactory  for  Ag'  /Ag(lll),  the  calculated  sticking  probabilities  for 
Ge'/Ge(lll)  were  consistently  hi^er  than  the  experimental  data  and  were 
better  correlated  when  an  amorphous  target  was  used  in  the  calculations.  The 
results  of  the  calculations  were  consistent  with  a  growth  process  that  involved 
short  penetration  depths,  increased  sputtering  with  £,  and  minimal  back- 
scattering  of  the  projectile  ions 

Herbots  et  al.  [195)  have  modeled  0-200  eV  MSIBD  of  Si*  and  Ge*^  on  Si 
bv  performing  Monte  Carlo  calculations  with  TRIMSPUT  [212).  The  proce¬ 
dure  produces  a  distnbution  that  can  be  fitted  by  a  Gaussian  intersecting  the 
surface  of  the  substrate  near  the  maximum  of  the  distribution.  Film  growth  by 
MSIBD  was  suggested  to  proceed  in  three  steps;  (i)  in  the  initial  stages,  the 
implanted  ions  distribute  in  the  first  few  layers  until  the  maximum  of  the 
profile  reaches  an  atomic  concentration.  S\.  equal  to  the  atomic  density  of  the 
matenal  being  deposited,  ij;  (••)  continued  saturation  of  the  layers  between  the 
surface  and  the  maximum  of  the  Gaussian  at  the  same  Af,.  creating  a  new' 
surface  layer  that  contains  only  the  MSIBD  species;  and  (iii)  true  film  growth 
involving  increasing  film  thickness.  Comparison  of  the  expenmental  and 
calculated  results  showed  that  the  Monte  Carlo  simulation  code  TRIMSPUT 
was  able  to  provide  quantitative  values  of  the  sputtering  yields,  ion  ranges, 
and  range  siraggbng  in  the  40  200  eV  range  provided  that  the  surface  binding 
energy  of  the  substrate,  which  is  a  crucial  parameter  in  sputter  removal  of  top 
layer  substrate  atoms  dunng  deposition,  is  known  accurately  for  the  expen¬ 
mental  conditions. 

Lifshii?  et  al.  (205)  have  more  recently  described  a  "subplantation”  model 
for  growth  of  ngid,  metastable  films  by  MSIBD  Subsurface  implantation, 
energy  loss,  preferential  displacement  of  weakly  bonded  atoms  in  favor  of 
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rigidly  bonded  atoms,  and  sputtering  of  substrate  material  are  pri'icesses 
considered  for  hyperthermal  particle  interactions  with  the  substrate.  Epitaxial 
growth  and  preferred  orientation  result  from  the  angular  dependence  of  the 
displacement  energy  and  the  host  mold  effect.  The  model,  supported  by  ion 
trajectory  calculations  and  expenmcntal  data,  has  been  applied  to  diamond 
film  formation  from  30-150  eV  C  ions. 

There  have  also  been  theoretical  studies  of  the  influence  of  projectile  energy 
in  thin  film  deposition  using  lAD.  Two-dimensional  molecular  dynamics  (2D 
MD)  simulation  (213,214)  of  the  growth  process  and  the  resulting  film  struc¬ 
ture  has  been  investigated  for  a  growing  film  of  Leonard- Jones  particles  (zero 
substrate  temperature).  For  lAD.  100  eV  Ar*  ion  induced  structural  re¬ 
arrangement  of  a  growing  Ni  film  was  examined  by  the  2D  MD  procedure. 
The  simulation  technique  of  MD  is  a  classical  model  in  which  the  representa¬ 
tive  sample  of  the  system  is  followed  on  the  microscopic  scale  of  time  and 


Fig.  71  (a)-(c)  T)pii:al  microstruclure  obtainol  for  condensing  vap<rr  .iioms  of  0.1  eV  kinetic 
energc  amcnng  under  normal  incidence  (a)  without  ion  bombardment,  (b)  with  Ar  bombardment 
of  £  -  to  eV  and  ”  0  16,  (c)  with  Ar  bomb.irdment  of  £  -  75  eV  and  y, /;,  =  0  16  The 

alom-alom  poieniial  is  V.  With  permission  from  ref  |213) 
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distance  Hamilton’s  equations  were  solved  for  a  system  of  interacting  film  • 

atoms,  arriving  vapor  atoms,  and  the  impinging  ions.  Ions  are  assumed  to 

interact  with  the  film  atoms  by  a  pairwise  additive  and  spherically  symmetric 

Moliere  potential.  Fig.  71  shows  the  change  in  film  microstructure  for  a  fixed 

!on-to  vapor  flu.x  ratio  (j,,  ,  =  0.16),  ..ith  increasing  £'.  The  sputicnr.g  yields 

were  S  =  0  for  f  =  10  eV,  and  =  0.7  for  f  =  75  eV.  It  can  be  seen  that  void 

filling  and  corresponding  film  densification  is  more  efficient  at  higher  £  for 

Ar*.  Homoepitaxial  growth  is  also  supported  by  ion-assisted  deposition 

according  to  the  result;  of  the  simulations  Similar  qualitative  behavior  is 

reported  for  increased  lon/vapor  ratios.  The  results  have  been  explained  in 

terms  of  increased  adatom  mobility  due  to  the  availability  of  local  energy  at 

the  growth  site. 


10.  Perspective 

Tne  inieraciions  of  low-energy,  reactive  ions  with  surfaces  has  been  surveyed 
in  this  contribution  The  spectrum  of  interaction  channels  available  to  atomic 
and  molecular  ions  with  energy  in  the  chemically  interesting  range  of  1  1000 
eV'  has  been  considered.  Elucidation  of  the  panorama  of  interaction  phenom¬ 
ena  including,  electionic  processes,  molecular  dynamics,  and  chemical  reac¬ 
tions  has  been  provided  by  treatment  of  the  phenomenological  aspects  of  the 
ion -surface  interaction.  Specifically,  examples  have  been  provided  of  experi¬ 
mental  and  theoretical  approaches  used  in  the  study  of  different  aspects  of  the 
energetic  gas-surface  interaction  problem.  Information  obtained  from  such 
segments  can  be  used  to  reconstruct  a  complete  picture  of  the  muiti-dimen- 
sional  problem  that  is  low-energy  ion-surface  interactions.  F.xperimentally. 
these  interactions  can  be  studied  within  an  ultra-high  vacuum  environment, 
allowing  for  dynamic  in  situ  characterization  of  the  reacted  surface  and  anv 
gas  phase  prixluct  evolution.  Established  surface  analytical  tools,  such  as  AES. 
XPS,  UPS.  and  LEED  have  found  wide  use.  as  have  the  more  recent 
time-of-flight  scattering  and  recoiling  techniques 

Understanding  ion  surface  interactions  is  basic  to  a  number  of  technologi¬ 
cally  important  phenomena  Some  of  the  most  significant  applications  include 
film  deposition,  alteration  of  surface  properties,  understanding  and  controlling 
reactions  in  hostile  environments,  and  inducing  endothermic  re  ictn ms  oi  - 
cerning  film  deposition,  low-energy,  mass-selected  ion  beams  are  emerging  as 
a  new  and  exciting  methodology  for  growing  pure  epitaxial  films  at  low 
substrate  temperatures.  In  alteration  of  surface  properties,  applications  in¬ 
clude  preparation  of  metal  surfaces  or  films  that  arc  chemically  inert  and 
corrosion  resistant,  surface  hardening  and  passivation,  preparation  of  catalyst 
surfaces  that  are  selective  and  specific  to  desired  reactions,  adjustment  <.if 
electronic  band  gaps  and  surface  conductivities,  and  alteration  of  polvmer 
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surfaces  Applications  in  hostile  environments  include  plasma  etching  and 
processing  of  matenals.  nuclear  reactors,  interstellar  atmospheric  processes, 
high-temperature  and  stress  situations,  and  development  of  non-equilibriun 
plasma  chemistry.  Inducing  novel  reactions  includes  stimulation  of  endother¬ 
mic  priKcs.ses  at  low  temperature,  studies  of  catalvtic  reaction  mechanisrrs. 
and  prixluction  of  new  and  novel  compounds  on  surfaces. 
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XPS  and  UPS  studies  of  4-keV  Ar’’  bombarded  K2TiFt.  K;NbF-.  and  IC-TaF.  reveal  the  reduction  of  the  central  transition  metal 
atom  to  lower  oxidation  states  in  all  cases.  The  tantalum  and  niobium  in  K.TaF,  and  K2NbF7  are  reduced  to  oxidation 
states  of  IV,  II.  and  0.  while  the  titanium  in  K.TiF^  is  reduced  to  oxidation  states  of  111  and  11.  The  various  oxidation  states 
arc  identified  through  binding  energy  shifts  of  the  XPS  core  level  spectra  Atomic  concentration  measurements  are  used 
to  estimate  the  surface  compositions  7  hese  rcsui.s  are  discussed  In  terms  the  thcrn.al  spike  mixlel.  and  the  behas  lor  of 
the  speco'j  compounds  is  shown  to  correlate  with  the  relative  stability  of  the  possible  reaction  products 


lotrodHCtion 

Ion  bombardment  of  a  surface  deposits  large  quantities  of 
energy  into  localized  regions  near  the  surface.  This  energy  can 
induce  a  variety  of  processes  such  as  preferential  sputtering, 
dissociation,  atomization,  and  recombination  resulting  in  an  altered 
surface  layer  The  momentum  transfer  collision  cascade 
theory*^  of  sputtering  is  well  developed  and  prxyvides  a  good  model 
of  ion  damage  in  single-component  targets.  The  mechanism  of 
ion  damage  in  multicomponent  targets  is  not  well  understood, 
however 

In  this  laboratory,  salts  of  complex  oxyanions  have  been  used 
as  model  systems  for  the  study  of  ion  damage  to  multicomponent 
systems.  Oxyanions.  such  as  COj^  .  N02^  .  and  SO«^  .  whose 
central  atom  (C.  N.  S)  forms  volatile  compounds  with  oxygen  were 
found’*  to  become  deficient  in  this  central  metal  atom  upon 
bombardment  In  contrast,  ion  bombardment  of  oxyanions  with 
metal  central  atoms,  such  as  Mo,"  .  where  M  •  Cr.  Mo,  W.  V. 
Nb,  and  Ta.  which  form  involatile  compounds  with  oxygen,  re¬ 
sulted  in  preferential  loss  of  oxygen  and  reduction  of  the  central 
metal  atom  to  lower  oxidation  states  '  In  some  cases,  reduction 
of  the  central  metal  atom  to  oxidation  state  0  was  observed  but 
not  in  others.  These  results  were  explained  according  to  the 
thermal  spike  model  of  Kelly. This  model  states  that  when  an 
ion  strikes  a  surface,  a  localized  high-temperature  region  is  pro¬ 
duced,  resulting  in  atomization  and  fragmentation  of  the  species 
within  this  region.  As  the  system  relaxes,  recombination  occurs. 
Of  the  numerous  decomposition  reactions  possible  in  such  a 
process,  the  model  predicts  that  those  with  the  highest  negative 
free  enthalpy  of  reaction  occur  with  the  highest  probability.  This 
model  successfully  predicts  the  decomposition  behavior  of  the 
oxyanions  studied. 

In  order  to  further  test  the  generality  of  the  proposed  mecha¬ 
nism,  these  studies  were  extended  to  the  ion-induced  decomposition 
of  the  fluoroanion  compounds  K2TaF7,  KjNbF-..  and  K2TiF*  In 
this  paper,  we  present  UPS  and  core  XK  spectra  of  these  un¬ 
bombarded  and  Ar*-bombarded  fluoroanion  compounds.  Both 
the  atomic  concentrations  (AC)  and  binding  energy  (BE)  shifts 
are  monitored  for  all  elements  such  that  the  compxtsition  of  the 
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damaged  layer  can  be  quantified  The  results  are  compared  to 
the  studies  of  the  correspotidiing  oxyanion  compou.ads  and  are 
discussed  in  terms  of  the  'tability  of  the  possible  reaction  products. 

Experimental  Section 

The  XPS  measurements  in  this  study  were  carried  out  on  a 
Perkin-Elmer  PHI  Model  S50  ESCA/SAM  system  with  Mg  Ka 
X-rays  at  1 253.6  eV  as  the  excitation  source.  The  base  pressure 
of  the  instrument  is  2  X  10  '®  Torr.  UPS  measurements  ••"•n- 
performed  on  the  same  system  with  He  11  radiation  at  40.2  eV 
as  the  excitation  source.  Auger  measurements  were  attempted, 
but  it  was  found  that  the  electron  beam  readily  decomposed  the 
samples. 

K2TiF4,  K2TaF7,  and  KjNbF7  (Alfa  Products),  in  the  form  of 
fine  powders,  were  pressed  into  1  cm  x  0.2-0. 5  mm  disks  that 
were  positioned  on  the  sample  probe  of  the  instrument.  Ion 
bombardment  was  performed  with  4-keV  Ar*  ions  at  a  flux  of 
3  uA/cm’  Ion  currents  were  measured  on  a  stainless  steel  plate 
with  an  area  equi.alcnt that  of  iL;  SwiT,ples.  XPS  measu.-emer’ti 
were  made  at  regular  intervals  during  bombardment  until  no 
further  changes  in  the  peak  shapes  or  relative  atomic  concen¬ 
trations  were  observed.  This  saturation  condition  typically  oc¬ 
curred  at  ion  doses  of  (1.5-1. 8)  x  10''  ions/cm’,  .All  binding 
energies  were  referenced  to  C  Is  at  284.5  eV.  which  was  present 
as  an  impurity  in  all  unbombarded  samples,  or  to  peaks  of  the 
bombarded  sample  (in  which  no  C  remained)  that  were  unchanged 
by  bombardment.  UPS  measurements  were  made  on  the  fresh 
samples  and  the  bombarded  samples  after  the  steady-state  con¬ 
dition  was  obtained. 

Results 

Prior  to  bombardment  of  the  fluoroanion  compounds  with  4-keV 
Ar*,  XPS  survey  spectra  were  taken  of  the  fresh  samples.  These 
spectra  indicated  that  each  fresh  sample  was  contaminated  w  ith 
a  small  amount  of  carbon  and  oxygen.  After  bombardment,  no 
trace  of  either  contaminant  remained. 

The  core-level  XPS  lines  of  the  fluoroanions  were  monitored 
before  and  at  various  limes  during  ion  bombardment.  The  core 
lines  of  the  transition  metals  all  showed  large  chemical  shifts  upon 
bombardment  These  metal  core  lines  are  characterized  by 
spin-orbit  (SO)  doublets.  When  more  than  one  oxidation  state 
was  present  on  the  surface,  the  overlapping  SO  doublets  of  the 
various  oxidation  stales  yielded  a  rather  complex  peak  shape  The 
peaks  were  curve  fit  by  using  (i)  the  relative  intensities  of  the  SO 
components,  (ii)  the  SO  splitting,  and  (iii)  the  known  binding 
energies  of  the  various  oxidation  states."  ''  A  more  detailed 
description  of  the  curve-fitung  procedure  has  been  given  previ¬ 
ously." 
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BINDING  ENERGY  [eV] 


1.  XPS  speara  of  the  transition-metal  core  lines  of  K;TiK».  X]NbFi,  and  KjTaF,  before  tnd  after  Ar*  bombardment  to  the  steady-state  condition. 
The  impurity  observed  on  the  initial  surfaces  is  due  to  hydrolysis  products  such  as  KjTaOF,.  KNBOF,.  and  KiTiOF, 


TABLE  I:  Bindiag  Eaer(i«s  (ia  cV)  tad  Atonic  Coaceatrartoat  for 
KjTiFt,  K2NbF>  and  KjTiFj  before  aad  after  4-keV  Ar* 
Bombardment  to  a  Steady -State  Coadidon 

initial  bombarded 


BE 

AC 

BE 

/ 

K-TaF. 

K  2p,  : 

0  21 

292 

0  18 

F  Is 

6S7 

0  68 

687 

0  62 

Ta  4f.  ,  (V) 

30  0 

007 

1 

Ta  4f-  ,  (IV) 

0 

26  ■' 

0  02  f 

Ta  4f.  ;  (11) 

0 

23  7 

0  02  • 

Ta  4fi.2  (0 i 

0 

217 

0  16  1 

intpurilv 

28  4 

0  04 

1 

K.NbF- 

K  :p.  - 

29.3 

6.22 

293 

0  (8 

F  Is 

686 

0.69 

686 

0  64 

Nb  4f-  .  (V) 

208.9 

006 

208  8 

0.09  1 

Nb  4r-  ..  (IV) 

206  4 

0  03  f 

Nb  4f-  ;  (11) 

204  3 

0  01 

Nb  4f.  .  (0) 

202  4 

0  03  1 

impurity 

207.2 

0.04 

\ 

KjTiF, 

K  2p.  ; 

292 

0.23 

292 

0  19 

F  Is 

686 

0  68 

686 

0  63 

Ti  3pj  •  (IVt 

461  S 
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A.  KiTaFi.  The  core-level  binding  energies  and  atomic  con¬ 
centrations  of  K;TaF-  before  and  after  ion  bombardment  are  listed 
in  Table  1  Examples  of  the  corresponding  XPS  spectra  of  the 
Ta  4f  levels  are  shown  in  Figure  I  The  initial  K-TaF-  surface 
was  found  to  contain  approximately  5  atom  %  each  of  carbon  and 
oxygen  impurities.  The  Ta  4f  peaks  of  KjTaF-  at  30.0  and  31.85 
eV  overlapped  with  the  K  3s  and  F  2s  peaks  at  32  I  and  30.1  eV, 
respectively,  making  deconvolution  of  the  individual  peaks  difficult. 
Therefore,  in  the  curve  fitting  of  the  initial  surface,  ihe  K  3s  and 
F  2s  pi  aks  were  omitted.  This  makes  the  reported  atomic  con¬ 
centrations  and  binding  energies  of  the  initial  surface  an  upper 
limit.  Curve  fitting  of  the  Ta  4f  region  revealed  a  SO  doublet 
due  to  Ta(V)  in  K;TaF-  and  a  second  SO  doublet  at  1 .5  eV  lower 
energy.  K;TaF-  can  hydrolyze  to  form  species  such  as  K-TaOFj 
and  K;TaO;F;  These  species,  while  still  Ta(V).  will  have  lower 
binding  energies  due  to  the  lower  electronegativity  of  oxygen  than 
fluorine  The  surfaces  of  these  samples  were  likely  hydrolyzed 
during  their  prep.iration  and  handling.  These  lower  energy 
components  are  therefore  assigned  to  hydrolysis  products.  It 
should  be  noted  that  no  oxygen-containing  species  was  detectable 
after  Ar*  bombardment  to  the  steady  state.  These  surface  oxygen 
containing  species  were  totally  removed  after  an  ion  dose  of  ap¬ 
proximately  5  X  10"  ions  cm-  1 1 IV  d kofTiKT  00 noc ft (rsttonr 
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Flgart  2.  Dirferencc  L'PS  spectra  of  K]TaF,,  KjSbF-.  and  NTiF, 
obuined  by  subtracting  ibe  initial  UPS  spectrum  from  the  UPS  spectrum 
obtained  after  Ar*  bombardment  to  the  steady-state  condition 

and  binding  energies  of  the  bombarded  samples  are  the  steady- 
slate  values.  These  values  are  obtained  and  persist  long  after  the 
oxygen-containing  impurities  have  been  sputtered  away.  Therefore 
the  steady-state  values  reflect  the  decomposition  of  the  K;TaF- 
and  are  not  influenced  by  the  hydrolyzed  surfaces 

Upon  Ar*  bombardment,  the  Ta  4f  region  shifts  to  two  major 
peaks  at  21  7  and  23.6  eV  with  a  low-intensity  tail  to  higher 
binding  energy  By  use  of  the  curve-fitting  method  previously 
described,  this  band  shape  can  be  shown  to  consist  of  three 
overlapping  SO  doublets  corresponding  to  formal  oxidation  states 
of  0.  II.  and  IV.  The  Ta(0)  jieaks  are  particularly  prominent, 
comprising  greater  than  SOT  of  the  total  Ta  4f  intensity,  indicating 
that  the  Ta  is  primarily  reduced  to  the  metallic  state 

The  Uf^  spectrum  exhibits  similar  changes  upon  ion  bom¬ 
bardment.  Figure  2  is  the  difference  spectrum  obtained  when  the 
UPS  spectrum  of  the  fresh  sample  is  subtracted  from  the  UPS 
spectrum  of  the  irradiated  sample.  The  new  peak  at  3  cV  is  due 
to  ionization  of  ihe  Ta  5d  band,  which  is  now  occupied  in  the 
reduced  melal  This  binding  energy  agrees  very  well  with  the  Ta 
5d  band  in  sputtered  films  " 

Both  fluorine  and  potassium  arc  preferentially  lost  upon  bom¬ 
bardment.  The  Ta/F  and  Ta/K  ratios  increas«l  from  0  16  and 
0.52  to  0  32  and  1.11,  respectively. 

B  AU/VbF,  The  initial  surface  contained  KAbp.  along  with 
rather  substantial  amounts  of  hydrolysis  products  such  as  KNbOF, 
or  KNbOjF;  Upon  Ar*  ion  bombardment  the  \b  td  region 
broadens  into  a  structure  characteristic  of  several  overlapping  SO 
doublets  Curve  fitting  shows  this  structure  lo  consist  ol  four 
overlapping  doublets  corresponding  to  oxidation  stales  of  0.  II, 
IV,  and  V  as  is  shown  in  f  igure  I  The  binding  energies  ■■’'H 

ll-l' Pcnchma,  C  VI  Phn  Rn  B  .Wi4  .Sra/r  1*74.  440^ 
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Figwe  FMot  of  the  distribution  of  ihc  various  oxidation  stjtcs  of  the 
transition  metals  following  4-keV  Ar*  bombardment  to  saturation 

relative  atomic  concentrations  arc  listed  in  Table  I  Tlic  LPS 
speclniro  showed  a  growth  of  the  Nb  4d  band  indicating  rcduaion 
of  the  central  atom  as  shown  in  Figure  2 

C  K-TiFf,.  The  initial  surface  contained  primarily  K;TiFj  with 
small  amounts  of  hydroivsis  products  such  as  K)TiOF4  and 
KsTiOiFs.'*  After  ion  bombardment.  SO  doublets  due  to  oxi¬ 
dation  states  iV.  III.  and  It  were  observed  in  the  li  .fp  region 
No  reduction  to  the  metallic  state  was  observed  Representative 
spectra  are  shown  in  Figure  1.  and  binding  energies  and  atomic 
concentrations  arc  listed  in  Table  I  The  UPS  spectrum  w.is 
similar  to  that  of  the  Ta  and  Nb  fluoroanion  compounds,  showing 
a  growth  of  the  Ti  3d  band  upon  bombardment;  however,  it  was 
of  much  lower  intensity  The  3d  orbitals  of  TillU  and  -(III)  arc 
partially  occupied,  giving  rise  to  the  valence  band  structure  shown 
in  Figure  1 

Dbciissioa 

The  results  indicate  that  all  of  the  fluoroanioas  decompose  under 
ion  bombardment  and  that  the  composition  of  the  decomposed 
layer  reaches  a  steady  state  after  which  additional  ion  bom¬ 
bardment  causes  no  further  changes  in  the  .system  detectable  bv 
XPS  or  UPS  While  the  specific  decomposition  product  distri¬ 
butions  vary  widely  between  compounds,  there  are  several  changes 
that  are  common  to  all  of  the  samples:  (i)  the  relative  concen¬ 
tration  of  the  central  transition  metal  increases  while  the  con¬ 
centrations  of  the  potassium  and  fluorine  decrease  and  (ii)  lower 
oxidation  states  of  the  central  metal  atom  are  produced.  This 
behavior  is  similar  to  the  decomposition  behavior  of  transition- 
metal  oxyanions "  The  relative  abundances  of  the  various 
oxidation  states  of  the  metal  in  the  bombarded  sample  are  shown 
in  Figure  3. 

The  most  outstanding  feature  observed  in  the  decomposition 
of  the  fluoroanion  compounds  is  the  fact  that  the  central  metal 
atom  IS  reduced  to  the  metallic  state  in  KjTbFt  and  KvNbFi  but 
not  in  KjTiFj  This  behavior  also  correlates  well  with  decom¬ 
position  of  the  oxyanion  compounds  "  Oxyanions  of  first-row 
transition  metals  were  not  reduced  to  oxidation  state  0  upon  ion 
bombardment,  while  those  of  the  second-  and  third-row  transition 
metals  were  reduced  to  0  This  close  correlation  of  the  decom¬ 
position  of  the  fluoroanion  and  oxyanion  compounds  strongly 
suggests  a  similar  mechanism  for  these  decompositions 

Decomposition  of  the  oxyanion  compounds  has  been  successfully 
described  by  the  thermal-spike  model  Ion  beams  can  transfer 
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both  traaslational  and  electronic  energy  into  loc.ili7cd  regions  ncu 
a  crystalline  surface  Seitz  and  Koehler''  give  an  expression  for 
a  particle  of  energy  F.  striking  a  surface  of  thermal  conductivity 
A,  heal  capacity  C.  and  density  o  The  temperature  T at  a  distance 
r  from  the  site  liicr  a  time  !  is  given  by 

T  =  hi.CpV  -/(8(rAr)'  ■  cxp(-(  cr^/4l.r]  >  \  i 

For  a  4-keV  Ar"^  ion  sirikiiit,  a  salt,  typical  of  these  studie-d  herein, 
a  region  of  radius  2ii  ^  can  be  elcv.iied  to  a  tempcr.iturc  of  g-caler 
than  300(1  K  1  his  conciiiion  persisis  for  10  s.  "  '  ich  is  orders 
of  magnitude  longer  than  the  vibrational  peraxis  the  surface 
species.  The  high  energy  density  in  the  thermai-spike  region  causes 
ionization,  dissociation,  and  atomization  ol  the  surl.ice  spesies 
Translational  energy  acqu.reil  bv  the  consiiiuenis  ih'ough  Ci  ili'ion 
cascades  and  allractivc  or  repulsive  electrostatic  p'tcn’i.!.'  re-  uits 
in  election  of  some  particles  .i:id  random  collisions  tvetween  others 
As  the  system  relaxes,  rcci'inbination  reaeiioa-  between  ttoms 
and  molecular  fragments  ^.ceur.  The  resulting  d.c-imposition 
products  remaining  on  the  surface  arc  nonvol.iiile  species  with 
high  negative  free  energies  of  formation.  Products  wnh  high  vapor 
pressures  or  high  negative  free  energies  of  formation  are  tvpic  illy 
lost  to  vacuum  This  is  noi  to  imply  ih.t;  ..  q  ;  is  eqv.iiibriam 
situation  IS  attained  during  sputtering  but  that  thermiHiv  n.in'ics 
only  governs  the  probability  of  a  compound  hirtnirtg  upon  re¬ 
laxation. 

Kclly'^  has  shivwn  that  the  decomposition  of  metal  oxides  up<vn 
ion  bombardment  can  be  explained  in  terms  of  the  thermal-spike 
model  Uo  et  al  h.ive  ex'ended  this  treatment  to  three-com¬ 
ponent  oxyanion  compounds.  They  v'bservcd  (h,:t  those  decorr- 
position  reactions  vvith  the  largest  neg.ilive  free  energy  of  -eaclion 
tended  to  have  the  highest  probability  of  occurring  The  sm'ilarity 
of  this  oxyanion  work  to  the  decomposition  o!  the  IT.tor,.  m  -m 
compounds  indicates  thai  a  similar  mechanism  is  involved  L  n- 
forlunatciy,  since  the  required  thermody namic  data  are  not 
available  for  the  nuoroanior  compounds,  a  rigorous  ircatmc-.l  is 
not  possible.  However,  the  stabtltty  of  the  possible  products  can 
be  examined 

Compounds  iT  the  first-row  transition  metals  with  oxidation 
slates  of  II  and  III  are  well-known  and  are  .stable  in  the  solid 
state,'*  However,  lower  oxidation  states  in  second-  and  tnird-row 
transition  metals  tend  to  be  unstable  and  do  not  phty  a  major  role 
in  their  eiicmistry  As  the  thermal  spike  relaxes,  stable  nonvolatile 
products  with  large  free  energies  of  formation  are  lonncd  and 
remain  on  the  surface,  ThermcxJynaniics  governs  the  probability 
that  a  species  will  be  formed  upon  relax.ition  Thermodynamically 
favorable  reaction  channels  resulting  in  transmon-meial  com¬ 
pounds  with  oxiduion  si„tcs  of  II  and  III  are  more  likely  for 
first-row  transi'  jn  metals  such  as  Ti  than  for  second-  and 
third-row  metals  such  as  Nb  or  Ta  Therefore,  K-TiFj  should 
have  thermodynamically  favorable  decomposition  channels  w  hich 
do  not  result  in  the  reduction  of  the  Ti  all  the  way  to  the  metal 
K2NbF7  and  K;IaF%  on  the  contrary,  art  '.ess  likelx  to  have 
favorable  decomposition  channels  resulting  in  oxidation  states  M 
or  III;  therefore,  reduction  to  the  metal  is  favored,  especially  for 
KjTaF?.  Therefore,  while  there  are  insufficient  data  to  prove  that 
the  decomposition  of  the  fluoroanion  compounds  is  governed  by 
the  thermal-spike  model,  the  data  are  certainly  consistent  with 
this  model 

While  the  observed  reduction  of  the  fluoro.inionv  is  consistent 
with  the  thcrmal-spike  model,  some  mention  should  be  made  of 
alternate  mixlels  of  lon-induccd  dccomptisilicn  Kelly has  fx'inied 
out  that  thermal  sputtering  can  be  equally  well  described  as  a 
surface  binding  energy  effect,  i.e  ,  tli.it  those  .itvims  with  a  lower 
surface  binding  energy  ire  preferentially  lost  over  those  with  a 
higher  binding  energy  For  metal  oxides,  the  metal  atom  has  .i 
much  higher  surface  binding  energy  than  the  oxygen  due  to  its 
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greater  charge.  This  should  be  even  more  exaggerated  for  metal 
halides  or  metal  fluoroanions.  Therefore,  ion  bombardment  of 
fluoroanions  should  induce  preferential  loss  of  F  and  a  subsequent 
reduction  of  metal  atom,  which  is  observed.  Both  models  predict 
the  general  behavior  of  the  decomposition  of  the  fluoroanions. 
However,  due  to  the  unreliability  of  surface  binding  energies  for 
complex  species,  the  thermal-spike  model  can  be  more  easily 
applied  in  these  complex  systems. 

CoBclusieos 

All  of  the  transition-metal  fluroanion  compounds  studied 
preferentially  lost  potassium  and  fluorine  upon  Ar'^  bombardment. 


while  the  central  metal  atom  was  reduced  to  lower  oxidation  states. 
Reduction  to  the  metal  was  observed  for  K2TaF7  and  K2NbF7 
but  not  for  KjTiF*.  These  results  are  consistent  with  the  ther¬ 
mal-spike  model  of  energy  dissipation.  The  resulting  surface 
contains  those  products  with  high  negative  free  energies  of  for¬ 
mation. 
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The  chemisorption  of  OCS  on  polycrystalline  Ni  foil,  in  the  77- 297  K  temperature  range,  was 
investigated  by  XPS.  UPS  and  AES  electron  spectroscopies.  At  all  temperatures  studied,  chemiso¬ 
rption  was  found  to  be  dissociative  yielding  absorbed  S  and  gas  phase  (  t)  The  reaction  is  found 
to  be  slrongls  esothermic  with  a  low  activation  energy 


Little  work  has  been  done  on  the  chemisorption  behavior  of  carbonyl 
sulfide  (OCS)  on  transition  metal  surfaces  such  as  nickel.  Such  systems  are  of 
interest  due  to  the  variety  of  processes  that  can  occur,  ranging  from  molecular 
chemisorption  to  dissociative  chemisorption  with  one  or  more  of  the  products 
being  desorbed  from  the  surface.  In  the  only  previous  work  on  this  system, 
Saleh  et  al.  [1)  studied  ihe  adsorption  of  OCS  on  evaporated  Ni  films.  By 
monitonng  the  change  in  pressure  of  OCS  over  the  Ni  film  and  the  composi¬ 
tion  of  the  residual  gas  after  adsorption,  it  was  concluded  that  OCS  dissociates 
upon  adsorption  at  temperatures  above  293  K,  yielding  adsorbed  S  and  gas 
phase  CO  This  is  similar  to  the  dissociative  chemisorption  of  CO2  on  Ni, 
which  yields  chemisorbed  O  atoms  and  moleculair  CO  [2).  In  contrast,  at 
temperatures  below  293  K,  Saleh  et  al.  reported  the  adsorption  to  be  primanly 
molecular.  Iheir  work  did  not  attempt  to  charactenze  the  surface  species  after 
chenusorption.  which  is  important  for  a  complete  understanding  of  the  ad- 
sorptioq  process.  This  Letter  reports  the  characterization  of  the  surface  species 
following  OCS  chemisorption  on  Ni  foil  by  XPS,  UPS  and  Auger  spectrosco¬ 
pies  in  the  temperature  range  of  77  293  K. 

The  XPS  ar.d  UPS  measurements  were  carried  out  on  a  Perkin  Elmer  PHI 
Model  550  ESCA/SAM  system  using  1253.6  cV  Mg  Kn  X-rays  and  40.2  eV 
He  II  radiation,  respectively,  as  the  excitation  sources.  Auger  measurements 
were  earned  out  on  the  same  system  using  a  3  keV,  1  fiA  electron  beam  as  the 
excitation  source,  A  polycrystallinc  Ni  foil  (Alfa  Inorganics)  which  was 
mechanically  polished  lefore  insertion  into  the  vacuum  chamber  was  used  for 
the  sample  Thi,".  sample  was  cleaned  in  vacuum  by  simultaneously  heating  to 
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BINDING  ENERGY  [eV] 

Fig  1  He  II  UPS  spcclrum  of  a  clean  (a)  Ni  surface  and  after  exposure  to  SfXX)  L  DCS  (b) 

at  293  K 

550  °C  and  sputtenng  with  5  keV  Ar*  for  periods  up  to  eight  hours.  In  the 
“clean”  surface  condition,  the  C  KLL.  O  KLL  and  S  LMM  Auger  peak-io-peak 
amplitudes  were  all  less  than  0.1%  of  the  Ni  LMM  pcak-to-peak  amplitude. 
The  sample  was  cooled  by  flowing  cold  N,  gas  or  liquid  Nj  through  a  tube  in 
thermal  contact  with  the  sample.  The  temperature  of  the  sample  was  moru- 
tored  by  means  of  a  thermocouple  spot-welded  to  the  sample  holder.  In  a 
typical  experiment,  the  sample  was  cooled  to  the  desired  temperature,  a  known 
dose  of  OCS  was  admitted  into  the  vacuum  chamber,  and  UPS,  XPS  and 
Auger  spectra  were  measured  on  the  resulting  surface.  Auger  spectra  were 
measured  after  the  XPS  and  UPS  measurements  to  insure  that  any  electron 
beam  effects  did  not  alter  the  photoelcctron  results.  The  sample  was  cleaned 
after  each  exposure 

XPS,  UPS  and  Auger  measurements  were  made  on  the  clean  Ni  surface.  All 
spectra  agreed  with  literature  spectra  (3.4)  Chemisorption  experiments  were 
run  at  exposures  of  OCS  ranging  from  0.1  to  5000  L. 

The  UPS  spectra  obtained  from  the  clean  surface  and  following  5000  L 
exposure  of  OCS  to  the  polycrystalline  Ni  sample  at  293  K  are  shown  in  fig.  1. 
The  clean  Ni  surface  exhibits  an  intense  d-band  plus  a  small  plasmon  loss 
feature  centered  at  6  eV  below  the  Fermi  level.  After  cheimsorption  of  OCS, 
the  only  change  in  this  spectrum  is  a  slight  increase  in  the  inelastic  electron 
loss  intensity.  To  our  knowledge,  no  one  has  reported  the  UPS  spectrum  of 
OCS  absorbed  on  a  metal  surface.  The  gas  phase  UPS  and  XPS  spectra  of 
OCS  have  intense  valence  bands  at  ionization  potentials  (IP)  of  10.1  and  15.5 
eV  corresponding  to  ionization  of  the  3w  and  2ir  molecular  orbitals,  respec¬ 
tively  [5,6],  It  would  be  expected  that  absorbed  molecular  OCS  on  Ni  would 
have  similar  bands,  although  possibly  with  shifted  energies  The  gas  phase  IP’s 
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Fig  2  Augcf  spccirum  a  Ni  surface  after  exposure  to  5(KM)  L  OCS  at  293  K 

of  these  bands  correspond  to  binding  energies  of  4.8  and  10.2  eV  below  the 
Fermi  level  of  Ni.  No  peaks  are  observed  in  these  regions,  indicating  that  no 
molecular  OCS  is  present  on  the  Ni  surface. 

The  absence  of  molecular  OCS  indicates  that  this  species  undergises  dissoci¬ 
ation  upon  adsorption.  The  feasible  decomposition  products  include  C.  O.  S 
and  molecular  CO,  No  molecular  CO  remains  on  the  surface  as  indicated  by 
the  absence  of  bands  at  8.1  and  10.9  eV  due  to  the  4or  and  a  combination  of 
the  5a  and  In  molecular  orbitals,  respectively  (7.8).  No  atomic  species  are 
observable  in  the  UPS  spectrum  either.  The  C  2p,  O  2p.  and  S  3p  ioni/.ations 
are  typically  near  3.6,  6.  and  5  eV.  respectively  (4,9.10).  These  are  not  observed 
because  of  the  low  surface  coverage,  the  overlap  with  the  Ni  plasmon  peak, 
and  the  low  photoionization  cross  section  with  He  II  radiation  (particularly  so 
for  C  2p  and  S  3p  orbitals).  It  has  been  shown  [4]  that  monolayer  coverage  of 
C  on  Ni  is  not  delected  by  grazing  incidence  UPS.  The  lack  of  observation  of 
any  valence  atomic  orbitals  in  the  UPS  spectrum  is,  in  itself,  not  sufficient 
evidence  that  these  species  are  not  present.  The  atomic  species  present  on  the 
surface  can  be  readily  observed  in  the  Auger  spectrum  shown  in  fig.  2.  An 
intense  peak  at  152  eV  due  to  the  S  LMM  transition  is  observed  while  no 
transitions  due  to  C  or  O  are  detectable.  Similar  results  are  obtained  by  XPS. 
i.e.  an  intense  S  2p  peak  but  no  O  Is  or  C  is  peaks  are  observed. 

Similar  chemisorption  experiments  were  performed  at  sample  temperatures 
of  200  and  77  K  In  each  case,  exposure  of  the  Ni  surface  for  up  to  5000  L  of 
OCS  resulted  in  identical  spectra  to  those  at  293  K.  indicating  that  an 
identical  prexess  is  (Kcumng. 

The  spectra  show  that  OCS  decomposes  upon  chemisorption  at  all  tempera¬ 
tures  between  77  and  293  K.  The  absence  of  C  and  O  on  the  surface  after 
chemisorption  suggests  that  C  and  O  are  desorbing  as  molecular  CO.  The  most 
likely  reaction  involves  chemisorption  of  the  OCS  by  formation  of  a  metal-S 


119 


L98 


C.S.  Sou,  J  W  Robalais  /  Carbonyl  suificte  on  \i 


bond.  Electron  transfer  from  the  metal  weaken.s  the  S  C  bond,  re.sulting  in 
efficient  bond  rupture  and  desorption  of  molecular  CO  The  overall  process  is 
then. 


OCS(g)  -  OCS(ad) 
OCS(ad)  -«S(ad)  +CO(g) 


-215  kJ/mol. 


(1) 

(2) 


The  bond  energy  of  chemisorbed  S  on  alumina  supported  Ni  has  been 
mea.sured  to  be  465  kJ/mol  between  600  and  800  K  [11].  A.ssun..ng  that  the 
bond  energy  is  similar  for  polycrystallme  Ni  at  room  temperature,  the  heat  of 
formation  of  cherrusorbed  sulfur  from  standard  states  is  approximately  -  242 
kJ/moi.  This  value  is  similar  to  that  estimated  by  Roberts  [12]  from  the  heat 
of  formation  of  NiS.  Using  this  value  and  the  standard  heats  of  formation  of 
OCS(g)  and  CO(g),  the  total  reaction  is  calculated  to  be  exothermic  by  215 
kJ /mol  at  293  K.  The  similar  results  obtained  at  200  and  77  K  indicate  that 
the  same  process  is  occurring  at  these  lower  temperatures.  The  fact  that  the 
decomposition  reaction  occurs  at  such  low  temperatures  indicates  that  the 
activation  barrier  for  the  process  is  very  low.  The  formation  of  the  metal-sulfur 
bond  must  sufficiently  weaken  the  S-C  bond  to  allow  bond  rupture  at 
temperatures  as  low  as  77  K.  This  process  is  aided  by  a  strong  thermodynamic 
driving  force. 

These  results  are  in  contrast  to  the  work  of  Saleh  ei  al.  who  found  that 
chemisorption  of  OCS  on  evaporated  Ni  films  was  molecular  at  temperatures 
below  293  K.  One  possible  explanation  for  this  may  be  the  different  surface 
structures  of  polycrystalline  Ni  foil  and  evaporated  Ni  films.  Both  the  poly¬ 
crystalline  foils  and  evaporated  films  have  a  distribution  of  different  crystallo¬ 
graphic  faces  at  the  surface.  However,  the  types  of  faces  and  their  distributions 
may  be  different  for  the  different  methods  of  fabrication.  The  reactivity  of 
OCS  on  Ni  may  be  a  function  of  the  surface  structure  and  therefore  may  be 
more  reactive  on  the  Ni  foils  than  on  the  evaporated  films  The  determination 
of  the  role  of  surface  structure  on  the  decomposition  of  OCS  on  Ni  will 
require  a  systematic  investigation  of  the  chemisorption  on  a  number  of  Ni 
single  cry  stal  faces 


OCS  was  found  to  decompose  upon  chemisorption  on  polycrystalline  Ni  at 
temperatures  between  77  and  293  K.  The  decomposition  reaction  involves 
cleavage  of  the  C-S  bond  followed  by  desorption  of  molecular  CO  The  fact 
that  the  reaction  occurs  at  such  low  temperatures  implies  a  low  activation 
barrier  for  the  process. 
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Dissociative  scattering  of  1.&-4.5  keV  and  N  '  on  gold  and  graphite 
surfaces 
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Scattenng  of  molecular  nitrogen  tons  in  the  1.5-4  5  keV  range  from  gold  and  graphite  surfaces 
results  in  a  small  fraction  of  surviving  molecules  and  molecular  ions  in  addition  to  atoms  and 
atomic  ions  resulting  from  dissociation.  The  kinetic  energy  (£, )  disinbuiions  of  scattered 
and  N  *  ions  have  been  measured  directly  by  means  of  an  electrostatic  sector  analyzer  ( ESA ) 
and  the  velocity  distributions  of  the  scattered  N,  and  N  neutrals  plus  uns  have  been  measured 
by  time-of-flight  (TOP)  techniques.  Scattered  ion  fractions  were  determined  from  the  TOP 
measurements.  The  relative  distributions  of  the  scattered  atomic  ions  indicate  that 
dissociation  from  excited  repulsive  electronic  states  which  are  populated  during  the  collision 
dominate  the  mechanism,  rather  than  purely  vibrational  or  rotational  excitation  from  the 
X  'If  ground  state  of  N/  The  excited  dissociative  and  D  '11,  states  of  Nj'  are 

accessible  by  Pranck-Condon  transitions  from  the  X  'If  state.  The  data  are  consistent  with  a 
mechanism  in  which  these  two  dissociative  sutcs  contnbute  their  repulsive  energy  to  the  large 
relative  distributions  of  the  scattered  N  *■  ions.  The  electronic  excitation  occurs  via  electron 
promotion  during  the  scattenng  collision  through  the  Pano-Lichten  mechanism. 


I.  INTRODUCTION 

The  interaction  of  keV  diatomic  ions  with  surfaces  has 
received  a  great  deal  of  interest  in  recent  years  When  di¬ 
atomic  ions  are  scattered  from  surfaces,  the  scattered  flux 
consists  of  surviving  molecular  species  in  addition  to  atomic 
species  resulting  from  dissociation.  .Most  of  the  work  has 
been  concentrated  on  H.  scattering.’"'  At  scattenng  ener¬ 
gies  up  to  several  keV',  small  molecular  ion  fractions  (  S  5% ) 
survive  the  collisions,  even  though  the  elastic  losses  to  the 
surface  are  much  larger  than  the  bond  energy  of  the  molecu¬ 
lar  ion. 

Extension  to  heavier  diatomic  ions  has  been  confined 
primanly  to  Balashova  er  a/.'"'  have  found  that 

some  N,'  survives  even  at  collision  energies  up  to  30  keV 
and  also  noted  a  strong  directional  dependence  to  the  scat- 
lered  N.’  llu.v.  Heiiand  and  Tagl.nier  have  observed  that 
molecular  ion  survival  is  stmnglv  dependent  on  the  surface 
conditions  for  N,"  scattering  from  Ni  at  a  pnmary  ion  ener¬ 
gy  of  400  e\'  and  scattenng  angle  of  10'  The  molecular  ion 
yield  was  found  to  increase  by  a  factor  of  2  for  scattenng 
from  a  nitnded  Ni(  1 10)  surface  as  compared  to  the  clean  or 
sulfur  covered  surface.  They  attnbuted  this  to  more  effective 
vibrational  quenching  of  the  scattered  N.  by  surface  N  than 
by  N'l  or  S 

Beienski  and  Parillis  '  ''  have  developed  a  model  to 
simulate  the  .survival  of  molecular  ions  which  treats  the  con¬ 
stituent  atoms  in  the  molecular  ion  as  separate  entities.  They 
found  that  when  the  molecular  axis  of  the  ion  is  onented 
along  the  direction  of  incidence  of  the  pnmary  beam,  the 
constituent  atoms  in  ihe  molecule  scatter  with  relative  kinet¬ 
ic  energies  ( £,  )  of  Ihe  atoms  less  than  the  bond  energy  of  the 
molecular  ion  This  results  in  associative  or  molecular  scat¬ 
tenng.  Molecular  dynamics  simulations  by  Jakas  and  Harri¬ 
son''’  have  found  that  scattenng  of  the  constituent  atoms 
cannot  be  treated  separately,  but  that  target  atom  recoil  and 


intemuclear  interactions  play  an  important  role  in  the  sur¬ 
vival  of  the  molecular  ion.  Both  of  these  approaches  treat  the 
dissociation  as  a  classical  process  and  neglect  the  role  of  elec¬ 
tronic  excitation  in  the  dissociation  mechanism. 

In  later  work,  Heiland  et  al.  have  studied  both  the  scat¬ 
tered  neutrals  and  ions  resulting  from  Nj*  bombardment  by 
TOP  spectrometry. •  They  found  that  the  scattered  flux 
from  400  eV  N  *  bombardment  of  Ni(  111)  results  in  pri¬ 
manly  neutral  N.  scattenng  with  smaller  amounts  of  neutral 
atomic  N.  They  altnbuie  these  results  to  resonant  charge 
transfer  from  the  surface  to  the  Nj*  on  the  incoming  and 
outgoing  iraieciones.  Transfer  to  a  bound  state  of  N-  results 
in  neutral  associative  scattenng  while  transfer  to  an  anti- 
bonding  sia;.'  resu'’'  in  dissociative  scattenng.  This  work 
proved  that  electronic  excitation  plays  an  important  role  in 
the  collisional  induced  dissociation  mechanisms  of  molecu¬ 
lar  luns.  resulting  in  neutral  molecular  and  atomic  scatter¬ 
ing,  in  contrast  to  the  proposed  mcchauiism  of  Panllis  It 
IS  not  clear,  ,however,  if  excited  states  play  a  role  in  the  mech¬ 
anisms  leading  to  scattered  molecular  and  atomic  ions. 

We  have  studied  the  scattenng  processes  of  molecular 
N,"  ions  from  gold  and  graphite  surfaces  in  order  to  deter¬ 
mine  the  role  of  excited  electronic  states  in  the  collisional 
dissociation  process  Bv  measunng  the  energies  of  the  scat¬ 
tered  ions  directly  through  an  electrostatic  analyzer  i  ESA), 
the  velocities  of  the  scattered  neutrals  and  ions  by  time-of- 
flight  (TOP)  methods,  and  the  scattered  molecular  and 
atomic  ion  fractions,  it  is  possible  to  assess  the  role  of  elec¬ 
tronic  excitation  into  excited  states  in  the  dissociation  mech¬ 
anism. 


The  expenments  vvere  performed  on  a  TOP  ion  scatter¬ 
ing  spectrometer  described  previously”  with  the  following 
modification.  The  flight  tube  at  22*  scattenng  angle  was  re- 


II.  EXPERIMENTAL 
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placed  by  a  llTeleccrosUtic  analyzer  (ESA)  equipped  with 
a  grid  window  allowing  a  line-of-sight  I.S  m  flight  path  di¬ 
rectly  through  the  ESA  This  arrangement  allowed  the  ener¬ 
gy  spectra  of  the  scattered  ions  to  be  measured  with  the  ESA 
or  the  TOP  spectrum  of  the  scattered  neutrals  and  ions  to  be 
measured  through  the  flight  tube.  Operational  details  have 
been  described  previously.'’ Briefly,  molecular  N."  ions 
were  formed  in  a  colutron  ion  source,  accelerated  to  1  25- 
4.50  keV,  and  transported  through  a  beam  line  equipped 
with  a  Wien  filter  for  mass  selection,  an  off-axis  aperture  for 
elimination  of  fast  neutrals,  and  pulse  plates  for  producing  a 
pulsed  ion  beam  of  width  ~  ICX)  ns.  The  resulting  mass  and 
energy  selected  ion  beam  was  directed  into  a  UHV  chamber 
for  scattenng  from  the  sample  surface.  The  scattered  flux 
was  then  energy  or  velocity  analyzed. 

The  energy  spectra  of  scattered  ions  were  measured  by 
means  of  the  ESA  using  an  unpulsed  pnmary  ion  beam  of 
—  0.1  /iA/cm^.  The  identities  of  the  individual  peaks  in  the 
resulting  energy  spectra  were  confirmed  by  pulsing  the  pn¬ 
mary  ion  beam  and  measuring  TOP  spectra  through  the 
ESA.  with  the  ESA  set  at  a  specific  energy  to  pass  the  peak  of 
interest.  Prom  the  known  path  length  through  the  ESA,  the 
velocity  corresponding  to  each  peak  in  the  energy  spectrum 
can  be  determined.  Since  both  the  energies  and  velocities  are 
measured  from  such  TOP-ESA  spectra,  the  masses  of  the 
scattered  ions  can  be  unambiguously  determined. 

TOP  spectra  of  scattered  neutrals  plus  ions  {N  ■¥  t) 
were  obtained  by  pulsing  the  ion  beam  ( average  current  0.2- 
l.OnA/cm^)  and  measuring  the  flight  times  of  the  scattered 
species  through  a  flight  path  of  ISO  cm  using  conventional 
timing  and  pulse  counting  techniques  which  have  been  de- 
scnbcd  previously.'"  Neutral  (N)  only  spectra  were  ob¬ 
tained  by  deflecting  the  scattered  ions  with  a  deflector  vol¬ 
tage  plate  placed  beside  the  flight  path.  Spectra  of  (N  -f-  /) 
and  ( N)  were  collected  in  alternating  20  s  cycles  into  differ¬ 
ent  groups  of  a  multichannel  pulse  height  analyzer  by 
switching  the  deflector  voltage  on  and  off.  Ion  fractions  were 
determined  as  |  (jV  -•-/)  —  {N)/{S  -t-  /)  J. 

The  polycrystaliine  gold  (Alfa)  and  graphite  i Union 
Carbide)  samples  were  mechanically  polished  before  inser¬ 
tion  into  the  scattenng  chamber.  The  samples  were  cleaned 
in  vacuum  by  Ar  sputtering  and  annealing  to  5(X)  *C.  The 
surface  cleanliness  was  checked  by  Ar  '  TOP  direct  recoil 
spectrometry  before  and  after  each  scattenng  expenment. 
Impunty  levels  of  H,C,N  and  O  were  all  below  10"'  mono- 
layer  after  cleaning.  After  20  min  of  scattenng.  both 
surfaces  conuined  approximately  5%  of  a  monolayer  of  ni¬ 
trogen  due  to  reactions  with  the  beam.  Purther  expenments 
indicated  that  this  level  of  nitrogen  had  no  measurable  effect 
on  the  ESA  or  TOP  spectra  of  the  scattered  N/ 

The  ESA  was  calibrated  by  scattering  Ar  ’  at  various 
energies  from  clean  gold.  For  such  ions  in  the  keV  range,  the 
binary  collision  model  provides  a  good  dcscnption'''ufion/ 
surface  collision  dynamics.  Por  a  projectile  of  mass  .Vf„  and 
energy  E„  scattering  from  a  target  atom  of  mass  M,,  the 
scattering  energy  for  a  quasisingle  scattering  collision  of  the 
pnmary  ion  is  given  by 

E,  =  fnlcos  0  r  <-4  '  -  sin'  0) ''•)’/(  1  ^  A)'.  ( I ) 


where  .-t  -  Vf ,  /  .V/„  and  0  is  the  laboratory  scattenng  angle. 
The  ESA  was  calibrated  by  assigning  the  maximum  of  the 
scattenng  peak  to  the  energy  E  given  by  Eq.  ( I '  for  several 
different  values  of  £„. 

111.  RESULTS 
A.  Energy  spectra 

Figure  1  shows  an  example  of  energy  spectra  obtained 
from  2000  eV  N.'  scattenng  from  gold  and  graphite  at  22‘. 
Each  spectrum  exhibits  a  low  intensity  peak  at  high  energy 
and  a  high  intensity  peak  at  low  energy.  The  assignments  of 
the  individual  peaks  can  be  made  by  application  of  ihe  binary 
collision  model  The  scattering  energy  for  elastic  quasisingle 
scattenng  of  a  nitrogen  molecular  ion  can  be  approximated 
by  direct  application  of  Eq.  ( 1 )  for  a  projectile  with  .Vf, 
=  28  Quasimultiple  scattenng  can  be  desenbed  by  repeated 
application  of  Eq.  ( 1 )  Scattenng  of  the  atomic  ions  result¬ 
ing  from  dissociation  can  be  approximated  as  follows;  Upon 
dissociauon.  the  £^  of  the  incident  molecular  ion  will,  on  the 
average,  be  distnbuied  to  the  resulting  fragments  in  propor¬ 
tion  to  the  mass  of  the  fragment.  Therefore,  forN,'  dissocia¬ 
tion.  the  scattered  atomic  ions  can  be  treated,  in  a  first  ap¬ 
proximation.  as  incident  atomic  ions,  each  with  incident 
kinetic  energy  of  E^/2.  Using  these  procedures,  application 
of  Eq.  ( 1 )  gives  the  scattenng  energies  for  quasisingle  (SS) 
and  quasidouble  scattenng  (DS)  of  the  atomic  and  molecu¬ 
lar  ions  as  indicated  in  Fig.  1.  As  observed,  the  high  energy 
peaks  occur  at  approximately  the  energy  expected  for  DS  of 
N,*  from  gold  or  graphite,  while  the  low  energy  peak  occurs 
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SCATTERING  ENERGY  (keV) 

FIG.  I.  Pouiive  ion  ESA  vpecirt  for  2.0  keV  N.‘  scatlcnng  from  graphite 
and  gold  surfaces  The  letters  represent  energies  calculated  from  Eq  ( I )  for 
Ihe  following  cases.  lA)  2  0  keV  N.  single  scaiienng,  iBl  2  0  keV  Nc 
double  scattering.  I C )  I  0  keV  N  ’  single  scattenng.  i  D )  1  0  ke  V  N  '  dou¬ 
ble  scallenr.g 
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at  the  expected  energy  for  SS  of  N  (with  l/2oflhepninary 
ion  energy).  Therefore  the  low  energy  peak  can  be  assigned 
to  scattered  atomic  ions  resulting  from  molecular  dissocia¬ 
tion  while  the  high  energy  peak  can  be  assigned  to  surviving 
molecular  Nf  These  assignments  were  confirmed  by  TOF- 
ESA  measurements.  Similar  results  were  obtained  at  the  oth¬ 
er  pnmary  ion  energies  and  scattenng  angles  employed-  The 
scattering  energies  obtained  expenmen  tally  and  those  calcu¬ 
lated  from  Eq.  ( 1 )  are  shown  in  Fig.  2.  In  all  cases,  the 
scattered  molecular  ion  peak  is  near  the  OS  position  with  no 
intensity  at  the  SS  position.  This  is  not  to  say  that  these  ions 
are  only  the  result  of  distinct  DS  events.  There  are  a  variety 
of  multiple  scattering  sequences  that  give  rise  to  scattering 
energies  near  that  calculated  for  DS.  Note  the  proximity  of 
the  calculated  quadruple  scattering  (QS)  energy  to  the  ex¬ 
perimental  energies  for  scattering  from  gold  in  Fig.  2.  These 
results  indicate  that  the  surviving  molecular  ion  is  the  result 
of  multiple  scattering  (MS)  events  rather  than  SS  events. 
This  is  reasonable  since  it  is  more  probable  that  the  molecu¬ 
lar  ion  will  survive  multiple  soft  collisions  rather  than  a  sin¬ 
gle  hard  collision.  This  result  is  similar  to  that  obtained  for 
CO  *  scattenng  from  magnesium  surfaces.’® 

Inspection  of  Fig.  1  also  shows  that  the  molecular  ion 
peak  is  a  factor  of  three  broader  for  Nj*  scattering  from 
graphite  than  from  gold.  This  result  is  expected  since  Nj* 
transfers  much  more  energy  to  a  light  target  atom  such  as 
carbon  than  to  a  heavy  target  atom  such  as  gold.  Nj*  can 
transfer  a  maximum  of  37*;^;  of  its  in  a  collision  with  a  Au 
atom  while  u  can  transfer  72%  of  its  E^  in  a  collision  with  a 
C  atom.  Therefore,  vanations  in  the  multiple  scattenng  tra¬ 
jectories  (such  as  double,  tnple,  or  quadruple  collisions)  of 
N.*  will  result  in  a  much  larger  spread  in  the  scattering 
energies  from  graphite  than  from  gold  surfaces.  Since  the 
surviving  molecular  ions  are  mainly  the  result  of  multiple 
scattering,  a  significantly  broader  molecular  ion  peak  is  ob¬ 
tained  lor  scattenng  from  graphite. 

While  ihe  width  of  the  N,'  peak  is  much  greater  for 
scattering  from  graphite  than  from  gold,  the  energy  spread 
of  the  N  '  peak  is  relatively  insensitive  to  the  target.  Figure  3 
shows  the  full-width  at  half  maximum  ( FW'HM )  of  the  scat¬ 
tered  molecular  and  atomic  ions  as  a  function  of  pnmary  ion 
Et  The  N  ■  FWH.M  is  approximately  the  same  for  scatter- 


FIG.  2.  Primary  ion  energy  dependence  of  the  scaiienng  energies  for  N,* 
and  N  '  scaiienng  from  gold  at  22*  and  33*  and  graphite  at  22*  a  and  V 
represent  iheexpenmenul  scattering  energies  for  N.'  and  N  * ,  lespocuve- 
ly  The  straight  lines  are  scattenng  energies  calculaied  from  Eq  ( I )  for  (a) 
N  *  SSatC  .  :.  (hi  N  ■  DSatf.  /2,  (cl  .‘■Jc  SSai  (d).N,-  OSaifk. 
and  (ei  N.'  QS  ai  £., 


HG.  3  Full-width  at  half-maximum  (FWHM)  of  ibe  scattenng  peaks  of 
N,'  and  N  ‘  as  a  function  nl  pnmary  N,'  energy  for  scaiienng  from  gold 
and  graphite  ai  22* 


ing  from  Au  or  C.  The  energy  spread  of  these  peaks  is  much 
greater  than  expected  from  elastic  losses  to  the  surface  For 
companson.  experiments  were  performed  in  which  mass- 
selected  N  ■  ions  with  an  energy  of  2  keV  were  scattered 
from  the  gold  surface,  resulting  in  a  FWHM  of  the  scattered 
peak  of  ~  80  cV,  The  2  keV  primary  N  *  corresponds  to 
scattered  N  '  resulting  from  dissociation  of  N-"  ions  with  a 
pnmary  energy  of  4  keV  or  2  keV/atom.  As  observed  in  Fig. 
3.  the  FAVHM  of  N  '  resulting  from  4  keV  N,"*  dissociation 
IS  ~  302  eV  The  broader  energy  distribution  of  scattered 
N  *  resulting  from  N/  dissociation  than  from  pnmary  N  * 
scattenng  inaicaics  that  some  relative  £*  is'’  released  to  the 
individual  atomic  lony  by  i  he  dissociation  prixess  itself  This 
conclusion  is  supponed  by  the  fact  that  a  large  proportion  of 
the  scattered  atomic  ions  are  of  an  energy  greater  than  the 
incident  cnergy/atom.  Inspection  of  Fig.  I  shows  that  the 
energy  dismbution  of  the  scattered  atomic  ions  extends  to 
greater  than  1  25  keV.  while  the  incident  cnergy/atom  is 
only  1  keV,  indicating  that  some  E^  is  imparted  to  the  frag¬ 
ments  dunng  the  dissxiation  process.  The  energy  spread  of 
the  scattered  atomic  ion  peak  is  then  due  pnmanly  to  the 
dissociation  process  itself.  The  similar  widths  of  the  .N  * 
peaks  resulting  from  scattenng  from  gold  or  graphite  sug¬ 
gest  that  similar  prxesses  are  involved  on  both  target  sur¬ 
faces. 

Tiie  ratio  of  surviving  molecular  ions  to  atomic  ions  is 
shown  in  Fig  4  The  surviving  molecular  ion  fraction  de¬ 
creases  from  ~  7%  at  1 . 5  ke V  to  <  1  %  at  4. 5  keV  for  scatter¬ 
ing  from  both  graphite  and  gold.  The  similarity  of  the  surviv¬ 
ing  molecular  ion  yield  from  gold  and  graphite  is  surpnsing 
m  that  the  energy  transfer  of  the  projectile  to  the  surface  is 
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FIG.  4  Ratio  of  turvivtng  N  /  to  dissociate  N  *  ( N  .*  /N  *  )  *s  a  function 
of  primary  energy  on  gold  and  graphite  surfaces. 


much  greater  from  N^'  to  C  atoms  than  from  N,*  to  Au 
atoms.  Therefore,  it  would  be  expected  that  the  molecular 
ion  yield  would  be  lower  for  scattenng  from  carbon  if  the 
dissociation  is  a  purely  classical  process.  The  molecular  ion 
yield  decreases  as  expected  with  increasing  scattenng  angle. 
Increasing  the  scattenng  angle  results  in  harder  collisions 
(smaller  impact  parameters),  therefore  iowenng  the  prob¬ 
ability  of  molecular  ion  survival  as  has  been  observed  be¬ 
fore.'’ 

As  stated  previousi  y,  the  large  energy  spread  of  the  scat¬ 
tered  atomic  ions  is^j^ue  to  the  release  of  energy  in  the  disso¬ 
ciation  process.  Heiland'’ '  has  observed  a  similar  broad¬ 
ening  of  the  neutral  N  scattenng  peak,  resulting  from  N/ 
scattenng  from  Ni  and  attnbuted  it  to  relative  energy  re¬ 
leased  following  electron  transfer  from  the  surface  into  an 
antibonding  molecular  orbital.  When  a  diatomic  ion  is  excit¬ 
ed  to  an  internal  energy  above  the  dissociation  limit  of  (he 
ion.  the  ion  dissociates  and  the  excess  internal  energy  is  con¬ 
verted  to  £■,  of  the  resulting  fragments.  It  has  been  shown  by 
Purser  and  others*’  ’*  that  a  small  release  of  internal  energy 
to  relative  £, ,  following  dissociation  in  the  center  of  mass 
system  of  a  fast  ion,  is  amplified  in  the  £„  spread  of  the 
resulting  fragments  in  the  laboratory  system.  For  dissocia¬ 
tion  of  a  homonuciear  diatomic  ion,  the  energy  released  in 
the  center  of  mass  system  is  related  to  the  laboratory 
scattering  energy  £,  by*^ 

£,  =  A£?/4£',’,  (2) 

where  A£,  =  £°  ±  £,,  i.c.,  the  half-width  of  the  peak  at  £, 
values.  Here  £°  is  the  £,  corresponding  to  the  peak  maxi- 


RELATIVE  KINETIC  ENERGY,  E,  (eV/aiom) 


FIG.  5  Relative  kinetic  energy  distributions  of  the  nitrogen  atomic  N  * 
ions  resulting  from  15.  3  0.  ard  4  5  keV  N/  scattenng  from  gold  and 
graphite  at  ^  22 

mum.  The  laboratory  to  center  of  mass  transformation  was 
earned  out  according  to  the  procedure  of  Gibson  and  Los.'* 
Specifically,  the  energy  scale  was  converted  by  application  of 
Eq.  2  and  the  intensity  was  scaled  by 

/V(£.)  =,V(  £,)(£,/£•.),  (3) 

where  .V(£, )  is  intensity  in  the  center  of  mass  system,  .V(£, ) 
is  intensity  in  the  laboratory  system,  and  ( £,  /£, )  is  the  Ja¬ 
cobian  of  the  transformation.  The  center  of  mass  energy 
spectrum.  ,V(  £, )  vs  £,,  was  generated  in  this  manner.  The 
change  in  scattenng  intensity  [/V(£, ) )  as  a  function  of  £, 
was  calculated  by  differentiating  the  £,  spectrum  to  produce 
the  E,  distnbutions  of  the  scattered  atomic  ions, 
i.e  .dA  l  £.)/(/£,  vs  £,  The  relative  energy  £.  distributions 
in  the  center  of  mass  system,  calculated  in  this  manner  for 
N;*  scattenng  from  gold  and  graphite  at  vanous  energies, 
are  given  in  Fig.  5  As  can  be  seen,  the  relative  energy  spectra 


RELATIVE  KINETIC  ENERGY, 

E,  (eV/ofom) 

FIG  S.  Retaiiv.  ktncitc  energy  distnbutions  of  nitrogen  atomic  N  '  ions 
resulting  from  J  '  keV  N,'  scattering  from  gold  ai  t)  =  IZ'  and  3  V 
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all  peak  at  low  energy  <  I  eV  and  extend  out  to  higher  ener¬ 
gies  ranging  from  ~  10  eV  for  1.5  keV  scattering  to  greater 
than  20  eV  for  4.5  keV  scattenng.  Companson  of  the  graph¬ 
ite  and  gold  results  also  shows  that  the  relative  energy  distri¬ 
bution  for  scattering  from  graphite  is  slightly  broader  with 
the  tail  of  the  distribution  extending  to  higher  energies,  indi¬ 
cating  a  slightly  higher  degree  of  excitation  for  Nj'^  scatter¬ 
ing  from  C  atoms.  Changing  the  scattering  angle  from  22*  to 
33’  for  Nj*  scattenng  from  gold  causes  little  change  in  the 
center  of  mass  energy  distnbution  as  shown  in  Fig.  6. 

B.  TOF  spectra. 

Heiland  el  at.  have  shown '  ^  that  neutralization  plays  an 
important  role  in  the  composition  of  the  scattered  flux.  In 
order  to  examine  the  degree  of  neutralization,  the  TOF  spec¬ 
tra  of  both  the  ions  and  neutrals  were  measured.  A  typical 
TOF  spectrum  is  shown  in  Fig.  7  for  2  keV  Ni*  scattering 
from  gold  at  22*.  The  TOF  of  N,  and  N  are  nearly  identical 
and  are  not  resolved.  No  distinction  between  a  sharp  Nj 
peak  supenmposed  on  a  broad  N  peak  is  observed,  in  con¬ 
trast  to  the  work  of  Heiland.'^  This  is  probably  due  to  the 
low  N,  survival  probability  at  the  higher  scattering  energies 
amd  angles  used  in  our  expienments.  The  low  intensity  peak 
at  short  flight  times  is  due  to  directly  recoiled  nitrogen  which 
has  been  deposited  on  the  surface  from  the  impinging  beam. 
Measurement  of  the  ion  fraction  in  the  scattered  flux  was 
performed  by  companson  to  the  neutral  only  spectra  ob¬ 
tained  by  postscattenng  deflection  of  the  scattered  ions.  The 
neutral  only  spectra  were  indistinguishable  from  the  ion  plus 
neutral  spectra  for  all  scattenng  energies  and  angles  em¬ 
ployed.  indicating  that  the  ion  fraction  was  less  than  1%  of 
the  total  scattered  flux. 

IV.  DISCUSSION 

Previous  theoretical  models  of  the  dissociation  of  fast 
diatomic  ions  upon  reflection  from  surlaces  have  treated  the 
ui:sociation  process  as  purely  classical.""'  The  Panllis 
model"  assumes  correlated  collisions  of  the  individual 
atoms  with  the  surface.  This  treatment  allows  the  denvation 


FIG.  7  TOF  neutral  plus  ion  spectrum  obtained  for  2  0  keV  N,*  Kittcnng 
from  gold  at  22*  The  neutral  only  spectrum  was  indistinguishable  from  the 
neutral  plus  ion  spcctrutn  due  to  the  small  ion  fraction.  The  small  peak  near 
1 1  represents  directly  recoiled  nitrogen  atoms  from  the  surface 


of  expressions  which  are  directly  comparable  to  the  expen- 
menial  data.  The  model  attnbutes  the  broadening  of  the  N  ' 
peak  to  self-scattenng  of  the  atoms  in  the  molecular  ion  and 
predicts  that  the  relative  energy  widths  of  the  N,*  to  N  * 
peaks  should  be  IVZ.  This  agrees  satisfactonly  with  the 
results  of  scattenng  from  the  graphite  surface  where  the  ra¬ 
tio  is  approximately  1 : 1 . 3 .  but  agreement  is  poor  for  scatter¬ 
ing  from  gold  where  the  ratio  is  1:3.7.  The  model  also  pre¬ 
dicts  that  the  ratio  of  scattered  molecular  species  to  scattered 
atomic  species  {R„/R,)  resulting  from  dissocwtion  should 
follow  the  expression 

R„/R,  =  (e/d'E„)R(d),  (4) 

where  e  is  the  bond  energy  of  the  molecular  ion,  d  is  the  bond 
length  of  the  ion,  and  £,  is  the  primary  ion  energy.  R(d)  is 
the  scattering  intensity  one  would  observe  if  the  correspond¬ 
ing  atomic  ion  was  scattered  from  the  same  surface  with  a 
pnmary  ion  energy  of  Er,  /2  and  scattering  angle  &■  There¬ 
fore.  R{8)  should  be  proportional  to  the  scattering  cross 
section  (£7)  ofN~.  The  ratioof  surviving  molecular  ions  to 
dissociated  atomic  ions  then  becomes  /R,  a/E^.  We 

have  calculated  the  scaitenng  cross  sections  with  a  scatter¬ 
ing  program''  that  uses  the  Moliere  approximation'*  to  the 
interaction  poieniial  for  nitrogen  atomic  ions  scattenng 
from  gold  and  graphite  surfaces  at  scattenng  angles  of  22* 
and  33*  Plots  of  the  ratio  of  molecular  to  atomic  ion  scatter¬ 
ing  intensity  R^  /R,  vs  a/E„  are  linear  as  the  model  pre¬ 
dicts.  However,  this  may  be  an  antfact  since  we  are  only 
applying  it  to  scattered  ions,  while  the  Parillis  model  treats 
the  total  scattered  flux.  The  measured  ion  fraction  of  the 
scattered  flux  is  less  than  1  %.  Therefore,  in  order  to  assume 
that  our  data  fits  the  Panllis  model,  we  must  assume  that  the 
relative  ion  fractions  of  N  and  Nj  are  constant  over  the  E^ 
range  studied.  This  is  unlikely  as  the  neutralization  probabi¬ 
lities  of  the  atomic  and  molecular  ions  are  probably  different 
and  energy  dependent.  Therefore,  a  rigorous  test  of  the  Paril¬ 
lis  model  cannot  be  made  without  information  on  the  com¬ 
position  of  ihe  consiiiuenis  in  the  scattered  neutral  flux. 

The  relative  energy  distributions  of  the  scattered  N  * 
following  dissociation  extend  to  10-20  eV/atom  with  aver¬ 
age  values  in  ihe2-3  5  eV/aiom  range.  This  indicates  that  on 
average  the  N.‘  molecular  ion  is  excited  4-7  eV  above  the 
dissociation  limit.  This  level  of  excitation  cannot  be  ex¬ 
plained  by  simple  mechanical  (rotational  or  vibrational) 
dissociation  mechanisms  For  this  level  ofexciution,  excited 
electronic  states  must  play  an  important  role  in  the  dissocia¬ 
tion  process 

The  charge  exchange  and  excitation  processes  in  molec¬ 
ular  ion-surface  collisions  can  be  treated  in  the  same  manner 
as  atomic  ion-surface  collisions.  Ions  impinging  on  a  surface 
can  undergo  charge  exchange  into  the  ground  or  excited 
states  along  the  incoming  or  outgoing  trajectory*^  by  reso¬ 
nant  or  Auger  processes  Therefore,  the  incoming  Nj*  ion 
can  undergo  resonant  or  Auger  neutralization  on  the  incom¬ 
ing  trajectory.  As  desenbed  by  Heiland,*  charge  transfer 
into  a  dissociative  state  of  N.  can  cause  dissociation  and 
neutral  N  scattering  while  charge  transfer  into  bound  states 
can  result  in  assoaative  neutral  scattenng.  The  scattered 
molecular  tons  and  atomic  ions  observed  in  this  work  must 
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therefore  arise  from  those  ions  which  survive  the  incoming 
and  outgoing  trajectories  in  thetr  initial  charge  state  or  those 
neutralized  molecules  which  are  reionizcd  in  the  close  en¬ 
counter  The  latter  process  has  a  low  probability  at  the  low 
energies  employed.  ‘ ' 

In  addition  to  charge  exchange  on  the  incoming  and 
outgoing  trajectories,  the  incoming  ion  can  also  experience 
additional  neutralization  and  electronic  excitation  dunng 
the  close  encounter  with  a  surface  atom.  These  processes 
can  be  described  by  the  Fano-Lichten  mechanism.’"''  In 
the  violent  collision  of  the  incident  ion  with  a  surface  atom, 
significant  overlap  of  the  atomic  orbitals  ( AOs )  of  the  sur¬ 
face  atoms  and  the  AOs  or  molecular  orbitals  { MOs)  of  the 
projectiles  can  occur.  Electron  promotion  can  then  occur 
within  the  VfOs  of  the  p.ojcctile/target  complex  formed 
dunng  the  collision.  Applying  this  mechanism  to  molecular 
ion  surface  collisions,  those  molecular  ions  which  survive 
the  incoming  trajectory  in  their  onginal  charge  state  collide 
with  a  surface  atom.  During  this  close  encounter,  significant 
overlap  of  the  target  .AOs  and  N,*  MOs  can  occur  resulting 
in  electron  promotion,  ionization,  and  neutralization.  Exci¬ 
tation  of  the  molecular  ion  to  dissociative  states  results  in 
scattenng  of  atomic  ions  and  neutrals  according  to  the  pro¬ 
cesses 

N_,-  *  M-N.-  ‘-N-  -  N 
or 

N.-  -  M-N,'  •  -  N  •  -  N  *  -f-  e. 

Previouv  studies  of  N;'  scattenng  from  noble  ga.s  atoms 
gives  a  good  indicaiion  of  the  specific  processes  involved  in 
N.  ■  di.ssociaiion  on  surfaces.  Founner  e/ o/.  have  observed 
predissociation  of  the  vibrationally  excited  state  in 

N;'  ^  He  coili.sions  resulting  in  energy  released  in  the 0.03- 
'..-f-t  cV  range. .Also.  e»amination  of  the  NA  energy  level 
diagram  '  in  Fig  S  shows  that  impact  induced  excitation  of 
ground  state  A'  X/  NV  tothcZ>'“fl„  state  in  the  Frank- 
Condon  region  results  in  energies  0-9  eV  in  excess  of  the 
dissociation  limit.  These  two  transitions,  in  particular,  fit  in 
•.veil  viih  the  observed  relative  £,  distnbutions.  As  thepri- 
marv  ion  is  increased,  excitation  to  higher  .MOs  of  NA 
become  possible  resulting  in  an  increase  in  the  higher  energy 
portion  of  the  relative  distribution.  Other  possible  pro¬ 
cesses  resulting  in  scattered  N  ‘  are  ionization  of  neutralized 
N;  in  the  close  encounter  to  a  dissociative  slate  of  N,*  or 
resonant  or  Auger  transfer  from  neutral  N  to  the  surface  on 
the  outgoing  trajectory  The  former  process  can  be  desenbed 
in  identical  terms  as  '  excitation  in  the  close  encounter. 
Therefore,  we  propose  that  the  pnmary  dissociation  mecha¬ 
nism  of  the  molecular  nitrogen  ion  upon  collisions  with  gold 
and  graphite  surfaces  to  yield  scattered  atomic  ions  is  excita¬ 
tion  of  the  molecular  ion  to  dissociative  states  In  the  close 
encounter 

Within  'he  context  of  the  proposed  mechanism,  the 
trends  observed  in  these  expenments  can  be  desenbed.  As 
the  primary  ion  energy  increases,  there  is  greater  orbital 
overlap,  resulting  in  greater  excitation  to  dissociative  states, 
lo  *eringthe  N,'  yield,  and  shifting  the  relative  f,  distnbu- 
110. is  to  higher  energies  These  results  are  analogous  to  the 


F7G  S  Energy /cy<r/ diagram  for  N.'  adapted  from  Ref  }0.  The  ordinate 
repre^ni\  the  potcnUil  energy  of  an  cleciron  bound  lo  N  .  The  zero  of 
energy  is  ihe  zero  point  energy  of  ground  «aie  neutral  N.  The  Frank- 

Condon  region  illustrates  a  transition  leading  to  dissociation  into 
N<‘S")  -  \  ''P) 

ion  fraction  studies  of  scattered  noble  gas  ions.'’  The  ion 
fractions  of  the  sc.nttered  noble  gas  ions  increase  with  in¬ 
creasing  energy  due  to  the  greater  degree  of  orbital  overlap 
and  resulting  electronic  excitation.  The  shift  of  the  relative 

disinbution  to  higher  energies  for  scattenng  from  graph¬ 
ite  as  opposed  to  gold  is  in  agreement  with  the  arguments  of 
Barat  and  Lichten m  that  electronic  excitation  cross  sec¬ 
tions  are  highest  between  collision  partners  of  similar  atomic 
number  Therefore,  nitrogen  molecular  ions  would  experi¬ 
ence  a  higher  degree  of  excitation  upon  collision  with  C 
atoms  than  with  .Au  atoms,  resulting  in  a  shifting  of  the  rela¬ 
tive  E,  distribution  to  higher  energies. 

V.  CONCLUSIONS 

N.'  scattenng  from  graphite  and  gold  surfaces  in  the 
energy  range  1.5— t. 5  keV  results  pnmanly  in  dissociation 
with  only  a  small  fraction  of  surviving  molecular  ions.  This 
surviving  molecular  ion  fraction  vanes  from  0.08  to  0.002, 
increasing  with  decreasing  pnmary  ion  energy  and  scatter¬ 
ing  angle.  The  relative  £,  distributions  of  the  scattered  N  " 
indicates  that  the  dissociation  mechanism  involves  elec¬ 
tronic  excitation  of  the  NA  to  dissociative  excited  states.  For 
dissociation  yielding  atomic  ions,  the  data  are  consistent 
with  a  mechanism  m  which  electronic  excitation  occurs  in 
theclose  encounter  as  desenbed  by  the  Fano-Lichten  mech¬ 
anism. 
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